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RESUMO

O petréleo, embora seja a fonte propulsora do desenvolvimento econémico
mundial, gera diversos tipos de efluentes e residuos, muitas vezes complexos e de
dificil tratamento. A producdo de efluentes do tipo agua oleosa tem provocado
problemas ambientais para diversas industrias. Processos fisico-quimicos como
centrifugacéo e ultrafiltracdo podem ser eficazes quando usados para separar 6leos
e graxas, porém sao ineficientes quando os Oleos estdo emulsionados. O processo
de flotag&o por ar dissolvido (FAD), por outro lado, tem sido utilizado com sucesso
no tratamento de aguas residuarias. Essa técnica de separacdo fisico-quimica
utiliza pequenas quantidades de coletores que facilitam a adeséo das particulas e,
consequentemente, a separacdo dos poluentes, melhorando a eficiéncia do
processo. Por outro lado, esses coletores quimicos sdo téxicos, fator que
representa a geracao de outros poluentes ambientais. Assim, os biossurfactantes,
moléculas anfipaticas biodegradaveis e atdxicas produzidas por micro-organismos,
apresentam-se como coletores promissores no aumento de eficiéncia da flotacao.
Nesse sentido, o presente trabalho teve como objetivo realizar um estudo
experimental para investigar a separacdo gravitacional de emulsdes oleosas
utilizando-se o processo de FAD com a adigdo de biossurfactantes. Inicialmente,
um biossurfactante foi produzido pela bactéria Pseudomonas aeruginosa UCP
0992 cultivada em 0,5% de milhocina e 4,0% de residuo de Oleo vegetal em
biorreator, empregando um Delineamento Composto Central Rotacional (DCCR)
com a finalidade de otimizar as condi¢des de cultivo para obtencao do rendimento
maximo. Os melhores resultados foram alcancados na condi¢cdo de fermentacéo
com aeracao de 1,0 vwm, 3,0% do inéculo a 225 rpm durante 120 horas, resultando
em uma tensdo superficial de 26,5 mN/m e um rendimento de 26 g/L de
biossurfactante. Em seguida, o biossurfactante foi caracterizado como um
glicolipideo com uma Concentracdo Micelar Critica (CMC) de 600 mg/L. Testes com
0 biossurfactante sob variagcbes de temperatura, tempo de aquecimento, pH e
adicdo de sal demonstraram a estabilidade da biomolécula. Ensaios cinético e
estatico com 6leo de motor adsorvido em areia demonstrarm remoc¢des de 90 e
80%, respectivamente. Experimentos de degradacéo do Oleo pela bactéria e pela
combinacdo da bactéria e do biossurfactante também foram realizados em
amostras de areia e 4gua do mar. Em ambos os casos, a degradacdo de 6leo
alcancou niveis superiores a 90% na presenca do biossurfactante e de sua espécie
produtora. ApOs sua caracterizacdo, o biossurfactante bruto foi aplicado como
coletor a um prot6tipo de FAD de bancada construido em acrilico. Os experimentos
de flotagcdo seguiram um DCCR, tendo como variaveis independentes a vazao de
agua oleosa, a vazdo de agua de microbolhas, a vazdo da solugcdo aquosa de
biossurfactante e a concentracdo de biossurfactante, e como variavel resposta a
eficiéncia de separacéo de 6leo. O biossurfactante isolado e formulado com sorbato
de potassio também foi testado no prototipo apos otimizacdo das condicbes
operacionais. Os resultados demonstraram que o biossurfactante aumentou a
eficiéncia de separacao do 6leo pelo processo de FAD de 65 para 95% e que néo
houve grandes diferencgas entre as formas de biossurfactante utilizadas no sistema.
Dois biossurfactantes produzidos pelas bacterias Pseudomonas cepacia CCT6659
e Bacillus cereus1615, foram aplicados no tratamento de efluente oleoso de uma
usina termoelétrica, obtendo como resultados, percentuais de remocéo de 94 e
80%, respectivamente. Concluiu-se que o0 uso do biossurfactante como auxiliar na



flotacdo constitui uma alternativa promissora no tratamento de aguas oleosas
geradas no ambiente industrial.

Palavras-chave: Biossurfactante; Pseudomonas aeruginosa; Agua Oleosa;
Flotacéo por ar dissolvido



ABSTRACT

Oil, although it is the propeller of world economic development, generates diverse
types of effluents and wastes, often complex and difficult to treat. The production of
oily water effluents has caused environmental problems for several industries.
Physical-chemical processes such as centrifugation and ultrafiltration can be
effective when used to separate oils and greases but are inefficient when oils are
emulsified. The dissolved air flotation (DAF) process, on the other hand, has been
successfully used in the treatment of wastewater. This physicochemical separation
technique uses small amounts of collectors that facilitate the adhesion of the
particles and, consequently, the separation of the pollutants, improving the
efficiency of the process. On the other hand, these chemical collectors are toxic, a
factor that represents the generation of other environmental pollutants. Thus,
biosurfactants, biodegradable and non-toxic amphipathic molecules produced by
microorganisms, present themselves as promising collectors in increasing flotation
efficiency. In this sense, the present work had as objective of carrying out an
experimental study to investigate the gravitational separation of oily emulsions using
the DAF process with the addition of biosurfactants. Initially, a biosurfactant was
produced by the bacterium Pseudomonas aeruginosa UCP 0992 grown in 0.5%
corn steep liqguor and 4.0% of vegetable oil residue in a bioreactor, using a
Rotational Central Compound Design (RCCD) in order to optimize the cultivation
conditions for maximum vyield. The best results were achieved in the fermentation
condition with 1.0 vwm aeration, 3.0% of the inoculum at 225 rpm for 120 hours,
resulting in a surface tension of 26.5 mN/m and a yield of 26 g/L of biosurfactant.
The biosurfactant was then characterized as a glycolipid with a Critical Micellar
Concentration (CMC) of 600 mg/L. Tests with the biosurfactant under temperature
variations, heating time, pH and addition of salt demonstrated the stability of the
biomolecule. Kinetic and static tests with motor oil adsorbed on sand demonstrated
removals of 90 and 80%, respectively. Experiments of oil degradation by the
bacterium and by the combination of bacteria and biosurfactant were also carried
out on samples of sand and sea water. In both cases, the oil degradation reached
levels higher than 90% in the presence of the biosurfactant and its producing
species. After its characterization, the crude biosurfactant was applied as a collector
to a bench DAF prototype built in acrylic. The flotation experiments followed a
DCCR, having as independent variables the oily water flow, the microbubble water
flow, the aqueous biosurfactant solution flow and the biosurfactant concentration
and as a variable response the oil separation efficiency. The isolated and potassium
sorbate formulated biosurfactant was also tested in the prototype after optimization
of the operating conditions. The results showed that the biosurfactant increased the
separation efficiency of the oil by the DAF process from 65 to 95% and that there
were no great differences between the biosurfactant forms used in the system. Two
biosurfactants produced by the bacteria Pseudomonas cepacia CCT6659 and
Bacillus cereus 1615 were applied in the treatment of oily effluent from a
thermoelectric plant, obtaining, as results, percentages of removal of 94 and 80%,
respectively. It was concluded that the use of biosurfactant as a collector in flotation
is a promising alternative in the treatment of oily waters generated in the industrial
environment.

Keywords: biosurfactant; Pseudomonas aeruginosa; oily water; Dissolved air
flotation
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1. INTRODUCAO

As industrias petroliferas sdo as principais responsaveis pela producao de
aguas oleosas devido ao processo de perfuracdo e extracdo do petréleo (LIU et al.,
2017) . A reutilizacdo destes efluentes provenientes dos processos industriais se
torna cada vez mais comum, tendo em vista o apelo ambiental e econémico desta
pratica, uma vez que ha incentivos para reduzir custos de producéo e agregar valor
de sustentabilidade a empresa (MISHRA; KUMAR, 2015).

As aguas oleosas surgem em consequéncia da mistura mecanica entre agua
e Oleo, produzindo uma suspenséao de goticulas de 6leo em agua ou uma emulsao
estavel. O que ocasiona a formacédo de uma emulséo é a grande tenséao interfacial
entre agua e Oleo, acompanhada pela existéncia de grandes areas interfaciais,
além do fornecimento de energia de Gibbs através da agitagdo (WANG et al., 2017).
Devido a estabilidade dessas emulsfes, o tratamento de uma agua oleosa pode se
tornar uma operacao, por vezes, complexa e dependente de processos altamente
eficientes.

Tecnologias disponiveis, como separacdo por gravidade, separacao de
ciclones, precipitacdo quimica, sorcao, filtracdo de membrana e oxidacdo quimica
sdo usados para remocdo de Oleo. Embora tenham sido relatadas muitas
vantagens dessas tecnologias, algumas desvantagens especificas estédo
associadas a essas abordagens (isto €, baixa eficiéncia, longo tempo de
processamento, poluicdo secundaria e altos custos). H4A também um aumento da
demanda por agua limpa, particularmente em areas com estresse hidrico devido ao
rapido crescimento da populacdo e da economia (AN et al., 2017).

Nesse contexto, o processo de flotacdo tem mostrado bastante eficiéncia,
pois é capaz de remover uma maior quantidade de 6leo quando comparado com
os outros métodos (ALBUQUERQUE et al., 2012; DA ROCHA E SILVA et al., 2015;
MENEZES et al., 2011a). A flotacdo pode ser definida como um processo de
separacao de particulas via adesédo de bolhas. A unido particula de 6leo—bolha
apresenta uma densidade menor que a do meio aquoso, flutuando até a superficie
da célula de flotag&do de onde as particulas sédo removidas (ALIFF RADZUAN et al.,
2016).

A flotacao foi utilizada pela primeira vez no processamento de minerais e,

como tal, tem sido utilizada ha muito tempo em aplicacbes de separacdo sélido/
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liquido que utilizam espumas estaveis para recuperar particulas minerais (PENG et
al., 2009).

Os principios basicos de funcionamento da Flotacdo por ar dissolvido (FAD)
sdo bastante simples, pois se resumem ao contato das particulas sélidas com as
bolhas de ar dissolvidas no liquido e no seu consequente arraste para a superficie
do liquido; contudo, alguns parametros sdo essenciais para o éxito do processo,
como o0 uso de coletores. A dosagem de coletores, normalmente com
caracteristicas coagulantes, esté relacionada com o grau de clarificacdo do efluente
final. Normalmente, os coletores possuem caracteristicas especificas que visam
promover a adesdo a fase dispersa e facilitar a separacdo dos poluentes
(MENEZES et al., 2011).

O uso de flotagdo como processo de separagdo, quer como parte do controle
da poluicdo ou durante o tratamento da agua, por vezes tem sido criticado devido
a provavel toxicidade dos coletores, considerando que surfactantes quimicos
derivados de petréleo séo utilizados como coletores nesse processo (MENEZES et
al., 2011).

Os surfactantes sdo compostos constituidos por moléculas anfipaticas
contendo porcdes hidrofilicas e hidrofébicas que se particionam na interface
Oleo/agua ou ar/dgua. A porcdo apolar é frequentemente uma cadeia
hidrocarbonada, enquanto a porgéao polar pode ser idnica (catibnica ou anibnica),
nao-ibnica ou anfotérica. Estas caracteristicas permitem aos surfactantes reduzir a
tensdo superficial e interfacial e formar microemulsdes onde os hidrocarbonetos
possam se solubilizar em &gua ou onde a agua possa se solubilizar em
hidrocarbonetos (SILVA et al., 2014).

O uso de surfactantes biolégicos ou naturais para a flotacdo € uma area de
grande potencial. Uma série de estudos incluem surfactantes no grupo de
contaminantes organicos emergentes (COES) que sao biologicamente ativos, mas
ainda néo estéo regulados ou séo poucos regulados. Por exemplo, 0s compostos
de polifluoroalquilo (PFC) s&o conhecidos por serem persistentes e
bioacumulativos no ambiente aquéatico e ter possiveis efeitos adversos sobre seres
humanos e animais selvagens. Os surfactantes anibnicos derivados de acidos
nafténicos do petréleo bruto sdo extremamente letais para peixes e outros
organismos aquaticos (VECINO et al., 2013). Neste contexto, surge a utilizacao de

surfactantes biolégicos como alternativa para o aumento da floculacéo.
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Estudos recentes mostram que os surfactantes microbianos (conhecidos
cientificamente como biossurfactantes ou comercialmente como biodetergentes),
metabdlitos produzidos por bactérias e leveduras, tém habilidade para solubilizar e
mobilizar efetivamente compostos organicos e inorganicos adsorvidos em solos e
em aguas contaminadas (ROCHA E SILVA et al.,, 2014). Os biossurfactantes
apresentam excelentes vantagens em seu uso, como toxidade reduzida, alta
solubilidade na presenca de subustancias organicas e inorganicas, resisténcia a
altas temperaturas, salinidade e pH (SARUBBO et al., 2015).

Os biossurfactantes, embora sejam bastante atrativos frente aos seus
similares sintéticos, ainda ndo sdo competitivos no mercado devido a razbes
funcionais e custos da producéo elevada. No entanto, o uso de substratos de baixo
custo pode reduzir acentuadamente o custo da producdo dos biossurfactantes.
Nesse sentido, varios recursos renovaveis como Oleos vegetais, residuos
amilaceos e residuos lacteos podem ser usados como substratos mais econémicos,
e colaboram para a biodegradabilidade da molécula. A selecdo de substratos de
baixo custo é importante para a economia global do processo, uma vez que eles
sao responsaveis por 10-30% do custo final do produto (ALMEIDA et al., 2016).

Dessa forma, diante dos desafios apresentados e das necessidades de
desenvolvimento e aperfeicoamento das técnicas atualmente conhecidas de
tratamento de efluentes, este trabalho teve como objetivo propor solucdes
eficientes para o tratamento e controle de aguas oleosas industriais. O método
utilizado como base tecnoldgica foi a flotacdo por ar dissolvido (FAD), utilizando
como coletor biodegradavel um novo biossurfactante produzido pela béacteria
Pseudomonas aeruginosa, bem como outros biossurfactantes bacterianos com

comprovada capacidade tensoativa.
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2. OBJETIVOS

2.1. OBJETIVO GERAL

Produzir e caracterizar biossurfactantes, avaliar o seu potencial de aplicacdo na

biorremediacdo, bem como, sua agdo como coletores naturais no tratamento de

aguas oleosas a partir de um sistema de flotag&o por ar dissolvido.

2.2. OBJETIVOS ESPECIFICOS

ETAPA | - PRODUCAO DO BIOSSURFACTANTE

Produzir um biossurfactante em meio de baixo custo pela bactéria
Pseudomonas aeriginosa.

Aplicar a Metodologia de Superficie de Respostas (RSM), com auxilio de um
planejamento fatorial como ferramenta para maximizacao do rendimento em
biossurfactante a partir das variaveis agitacao, aeracéo e tempo de cultivo

em biorreator.

ETAPA Il - ESTUDO DAS PROPRIEDADES DO BIOSSURFACTANTE

Determinar a tensao superficial e atividade emulsificante do biossurfactante
frente a condi¢Bes especificas de pH, temperatura e adicdo de NaCl.
Determinar a CMC do biossurfactante.

Elucidar a estrutura quimica do biossurfactante.

Testar a capacidade de remocéo de derivado de petroleo adsorvido em areia
pelo biossurfactante em ensaios cinético e estatico.

Testar a capacidade de degradacéo de derivado de petroleo em areia e agua

do mar pela bactéria e pela combinacdo da bactéria e seu biossurfactante.
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ETAPA 1l — APLICACAO DO BIOSSURFACTANTE EM SISTEMA DE
FLOTACAO POR AR DISSOLVIDO

Utilizar um prototipo de bancada de flotacdo por ar dissolvido (FAD).

Testar o biossurfactante bruto como coletor no tratamento de agua oleosa
no protétipo de FAD.

Aplicar a Metodologia de Superficie de Respostas (RSM), com auxilio de um
planejamento fatorial como ferramenta para maximizacédo da separacéo do
Oleo a partir das variaveis vazdo de agua oleosa, vazdo de agua de
microbolhas, vaz&o da solucdo aquosa de biossurfactante e concentracao
de biossurfactanteno prot6tipo de FAD.

Testar o biossurfactante isolado e formulado no protétipo de FAD apés

otimzacgé&o das condi¢des operacionais.

ETAPA IV - COMPROVACAO DA VIABILIDADE DO SISTEMA FAD-
BIOSSURFACTANTE POR APLICACAO DE OUTROS AGENTES
TENSOATIVOS NO TRATAMENTO DE EFLUENTE OLEOSO DE USINA

Investigar o potencial de dois biossurfactantes previamente caracterizados,
produzidos por Pseudomonas cepacia CCT6659 e Bacillus cereus UCP
1615, nas suas formas isolada e formulada, como coletores no protétipo de
FAD operando sob condicfes otimizadas, no tratamento de efluente oleoso

de uma usina termoelétrica.



21

3. REVISAO DA LITERATURA

3.1. EFLUENTES OLEOSOS INDUSTRIAIS

O petrdleo é considerado um dos principais produtos na sociedade moderna.
Também referido como petroleo bruto, é composto por uma mistura de
hidrocarbonetos e outros compostos com quantidades variaveis de enxofre,
nitrogénio e oxigénio, o que pode modificar consideravelmente sua volatilidade,
gravidade especifica (densidade) e viscosidade (VECINO et al., 2013).

Com o avanco da industrializacdo, a poluicdo da agua esta se tornando um
problema cada vez mais sério. A agua residuaria, que € produzida principalmente
pelos processos de producdo industrial e pela vida diaria, é prejudicial ndo apenas
a salde humana, mas também ao meio ambiente (CAl et al., 2018).

A descarga de aguas residuaris contendo 6leos e graxas (O & G) para
0 ambiente aumenta a cada ano devido a rapida urbanizacdo e desenvolvimento
industrial. As 4guas residuais emanam de refinarias de petrdleo, metallrgicas,
usinagem, processadores de alimentos, eletrbnicos e elétricos, 6leo de palma e
efluentes do moinho. Ao contrario do 0Oleo livre ou do flutuante derramado no mar,
a maioria das aguas residuarias industriais contém emulsdes Oleo/agua, o0 que
pode ocasionar graves problemas nos diferentes estagios do processamento (CAl
et al., 2018).

Segundo Rajasulochana e Preethy (2016), os métodos de tratamento das
aguas industriais variam de acordo com alguns fatores, tais como volumes
envolvidos, constituicdo da agua, limites da legislacdo ambiental vigente, entre
outros. Esses tratamentos tém como finalidade a reducéo da concentragdo de 6leo
disperso na agua para que depois elas possam ser descartadas nos corpos d’agua
ou reutilizadas no processo.

A presenca de O & G em unidades de estacéo tratamento de aguas causara
incrustacdes nos equipamentos e problemas nas etapas do tratamento biologico,
além de complica¢des no tocante ao seu descarte pelos requisitos impostos pelos
orgaos ambientais (AFFANDI et al., 2014).

Nesse contexto, os efluentes do tipo agua oleosa representam todos os tipos
de agua que apresentam quantidades variaveis de 6leos e graxas, além de uma

ampla variedade de materiais em suspenséo, incluindo areia, argila e outras
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substéancias coloidais e dissolvidas como detergentes, metais pesados etc (HU; LI;
ZENG, 2013).

Com relacdo as concentracdes de 0Oleos e graxas livres, a EPA (Environment
Protection Agency) dos EUA estabelece como limite a média de 29 mg/L e o
maximo diario de 42 mg/L.

A legislacdo brasileira (Resolucao CONAMA n° 357 — Art. 21 e 34 de
17/03/2005) determina que o teor de dleo e graxas (TOG) maximo para o descarte
de 4gua produzida seja de 20 mg/L. Entretanto, é importante que também sejam
analisados, além do TOG, outros contaminantes como fenois, amonia e sulfetos,

entre outros presentes na legislacéo para o enquadramento das aguas.

3.2. EMULSOES

Uma emulsao é definida como uma mistura de dois liquidos imisciveis ou
com miscibilidade limitada onde uma das fases encontra-se dispersa sob a forma
de pequenas goticulas de didametro médio de 0,1 a 100 um na outra (fase continua).
Isto s6 é possivel na presenca de um agente emulsificante e de energia (mecanica
ou nao) suficiente para que ocorra a dispersdo. Dependendo da disposi¢cdo do
liquido na fase continua, as emulsdes séo classificadas como agua-em-6leo (A/O)
ou Oleo-em-agua (O/A) (ZADYMOVA et al., 2017).

Rocha e Silva (2015) produziu uma emulséo 6leo/agua sintética com
concentragdo de 50 mg/L utilizando um o6leo lubrificante, por mecanismos de
agitacdo, onde o afluente (dgua industrial) passa por uma bomba de recirculacdo
em que o Oleo € misturado com mesmo fluido de entrada, e através de agitadores
mecanicos € simulada a formacédo de emulsdo no processo. Rosa (2002) também
gerou uma emulsédo estavel por meio do cisalhamento do 6leo submetendo este a
passagem por uma valvula de agulha, em que a passagem da mistura (6leo e agua)
pela valvula cisalha o 6leo, dispersando-o em gotas pequenas, produzindo
emulsdes estaveis. Nunes (2009) obteve uma emulséo através da agitagdo em um
agitador Ultraturrax, obtendo uma concentracéo de 80 mg/L que segundo o autor €
um valor médio de referéncia da 4gua de producdo. Outro exemplo é a emulsédo
gerada por Santana (2009) por meio da agitagdo em um homogeneizador Ultra

Turraz T50, a uma velocidade de 6.000 rpm por 15 min. Silva (2007) analisou
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emulsdes sintéticas, com concentracao entre 50 a 400mg/L, produzidas por sistema
de agitacdo mecanica com rotacao de 2000 rpm.

Algumas pesquisas que estudaram a remocao de 6leo em agua de producdo
constataram que uma emulsdo éleo/agua sintética é muito mais estavel do que uma
emulsdo ndo sintética, ndo perdendo suas caracteristicas iniciais, e ainda
diminuindo bastante a presenca de alguns interferentes, como por exemplo,
aditivos utilizados no processo, facilitando o estudo de remocéo do 6leo da agua
(CALVO et al., 2009).

3.2.1. Estabilizagdo das emulsdes

As emulsfes podem ser estabilizadas fisica ou quimicamente. As emulsdes
estabilizadas fisicamente sdo aquelas formadas sem adicdo de substancias
surfactantes, ou seja, a estabilidade é mantida por cargas elétricas inerentes ao
sistema ou outras forgas diferentes a influéncia de agentes estabilizantes. Quando
se mistura mecanicamente a agua e 0leo é possivel produzir uma suspenséao de
goticulas de 6leo em agua, ou uma emulsdo (WEN et al., 2016).

A desestabilizacdo das emulsGes é geralmente necessaria em alguns
processos quimicos e é particularmente importante para o tratamento de aguas
residuais emulsionadas. Os métodos convencionais de desestabilizacdo incluem a
desestabilizacdo quimica, desestabilizacdo eletroquimica e separacdo por
membrana de ultrafiltracdo (YUAN; TONG; WU, 2011).

O termo "estabilidade da emulsdo" refere-se a capacidade de uma emulsao
para resistir as mudancas nas suas propriedades ao longo do tempo. A
instabilidade fisica resulta em uma alteracdo na distribuicdo espacial ou
organizacao estrutural das moléculas. O creme, a floculacdo, a coalescéncia, a
coagulagao parcial, a inverséao de fase e a maturacdo de Ostwald sédo exemplos de
instabilidade fisica. O desenvolvimento de uma estratégia eficaz para evitar
mudancas indesejaveis nas propriedades de uma emulsdo alimentar especifica
depende dos mecanismos fisico-quimicos dominantes responsaveis pelas
mudancas. Na pratica, dois ou mais desses mecanismos podem operar em
conjunto. Portanto, é importante que os pesquisadores identifiquem a importancia

relativa de cada mecanismo, a relacdo entre eles e os fatores que os influenciam,
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de modo que possam ser estabelecidos meios eficazes de controle da estabilidade

e propriedades fisico-quimicas das emulsdes (HUCK-IRIART et al., 2011).

Existem quatro mecanismos principais para a estabilizacdo de emulsdes

(com casos em que ocorre uma combinacdo de mecanismos) (UMAR et al., 2018):

e Certas emulsdes podem ser fracamente estabilizadas pela presenca de ions
adsorvidos e sais ndo ativos na superficie.

e A presenca de sois coloidais parcialmente Umido em ambas as fases da
emulsdo pode formar uma barreira mecéanica para a queda de contato e
coalescéncia.

e Muitas emulsBes séo estabilizadas por moléculas de polimero adsorvido.

e Juntamente com polimeros, as moléculas de surfactante adsorvido

representam o mecanismo de estabilizagdo mais comum.
O processo de desestabilizacdo de uma emulsdo pode ser conduzido por
quatro diferentes fendmenos: coagulagao, floculagéo, sedimentacdo (creaming) e

coalescéncia (MARTA-ALMEIDA et al., 2016) (Figura 1).

Figura 1. Mecanismos envolvidos na desestabilizacdo de emulsdes
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Coalescéncia significa a formacédo de uma fase de oOleo imiscivel apds a
floculacdo, que € um processo irreversivel. Diminuir o potencial superficial das
microgotas de Oleo € essencial para diminuir a repulsdo eletrostética e para
melhorar a floculacdo. Reduzir o pH pode diminuir o potencial da superficie e 0
aumento da temperatura pode melhorar 0 movimento browniano e contribuir para
a floculacdo (YUAN; TONG; WU, 2011).

O “creaming” caracteriza-se pelo deslocamento das goticulas de 6leo
para a superficie, baseado na diferenca de densidade existente entre as fases.
Mesmo existindo este deslocamento, a estabilidade das goticulas € mantida
(AMARAL FILHO et al., 2016;)

A coagulacao ocorre quando a interacao repulsiva entre as duplas camadas
elétricas é suficientemente reduzida, permitindo a aproximacédo das particulas até
que a forca de atracdo de Van der Waals predominem (WANG et al., 2015). O
processo de coagulacdo corresponde a desestabilizacdo da dispersédo coloidal,
obtida por reducdo das forcas de repulsdo entre as particulas com cargas
negativas, por meio da adicdo de produtos quimicos apropriados (TANSEL,;
PASCUAL, 2011). Ainda de acordo com Tansel e Pascual (2011), foi possivel
observar que a utilizacdo da coagulacdo seguida do processo de flotagdo por ar
dissolvido ndo apresentou efeitos significativos em relacéo a reducao dos niveis de

concentracdo de 6leo abaixo de 5 mg/L.

3.3. FLOTACAO COMO TECNICA EMPREGADA AO TRATAMENTO DE
EFLUENTES OLEOSOS

As tecnologias de tratamento comumente usadas de efluentes oleosos
incluem decantacdo por gravidade, flotacdo, separacdo centrifuga, método
quimico, separacdo por membrana, método bioldgico, mecéanicos e elétricos,
podendo ser empregadas de maneira conjunta em funcéo do tipode efluente e do
objetivo do tratamento. Dentre as tecnologias citadas acima, a flotagdo tem se
mostrado uma alternativa promissora devido a alta capacidade de processamento
e eficiéncia (RANGEL, 2008; CAl et al., 2017).

O tratamento convencional de aguas oleosas € feito basicamente por
separadores agua-oleo (SAO), os quais utilizam o principio da forga gravitacional

para a separacao Oleo/agua. A dgua tratada alcanca niveis de remocao do 6leo na
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faixa de 200 mg/L, devido principalmente a presenca de dleo emulsionado, que
dificilmente é removido por flutuacdo, necessitando assim de processos mais
eficientes (YU; HAN, 2013), como a flotag&o. A flotacdo pode ser considerada como
uma tecnologia limpa, uma vez que usa pequenas quantidades de coagulantes e
ar para promover a separacao (ROCHA E SILVA et al., 2015).

A separacao do oleo por flotagcdo consiste na melhor alternativa para o
tratamento de 4guas oleosas, esteja o 6leo livre ou emulsionado, pois é de baixo
custo (equipamentos compactos), facil operacdo e muito eficiente, garantindo o
cumprimento das exigéncias ambientais e, muitas vezes, permitindo o reuso da
agua (ROCHA E SILVA et al., 2014).

O principio de flotacdo de dispersGes aquosas baseia-se na utilizacao de
agentes com baixa densidade, geralmente bolhas de gas, que aderem na superficie
das particulas da fase dispersa, aumentando o empuxo sobre elas e promovendo,

por conseguinte, sua separacdo (ROCHA E SILVA et al., 2015).

3.3.2. Flotacéao por ar dissolvido (FAD)

O processo de Flotacdo por ar dissolvido caracteriza-se basicamente pela
geracao e utilizacdo de microbolhas obtidas pelo processo de cavitacdo induzida
através da passagem de dgua sobresaturada por constricées de fluxo, tipo valvula
de venturi, placa de orificio ou valvula agulha. Neste processo, o ar é dissolvido em
agua a presséo elevada (3 a 5 kgf/cm?2) em um saturador e essa agua € injetada na
célula de flotacdo através de uma constricdo redutora de pressédo, causando sua
liberacdo sob a forma de microbolhas, cujo diametro situa-se entre 50 e 100 um,
como descrito anteriormente (MENEZES et al., 2011).

Como a densidade do ar € muito menor do que a densidade das particulas
€ de se esperar que as bolhas ascendam na massa liquida promovendo a
ocorréncia do contato (choque) bolha-particula, formando um aglomerado bolha-
particula (MENEZES et al., 2011). Sendo as bolhas relativamente menores e em
maior quantidade do que em outras técnicas de flotacdo, a probabilidade de colisdo
bolha-particula € muito maior (PENG et al., 2009).

As bolhas de ar e as goticulas de 6leo se juntam para formar flocos. O

aglomerado em agua tem uma diferenca de densidade média maior do que a gota
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de 6leo em agua. Esta caracteristica aumenta a forca flutuante e, assim, a
velocidade de subida do oleo.

O projeto de um sistema especifico de flotacdo por ar dissolvido (FAD)
depende de fatores como o volume de aguas residuais a serem tratadas, o grau e
a natureza da contaminacdo, a extensdo do tratamento necessario e qualquer
tratamento subsequente que seja necessario para a concentracdo do produto
recuperado. Esses fatores, por sua vez, indicam a pressao de dissolucédo, taxa de
fluxo, tempo de retencdo, taxa de reciclagem, pré-tratamento de coagulante e
floculante apropriados e tamanho do tanque de flotacdo. Apesar da ampla
aceitacdo e uso industrial da tecnologia FAD, muitas questdes pertinentes a
funcionalidade e otimizagdo permanecem sem resposta (DASSEY; THEEGALA,
2012).

Apos a formacdo dos flocos, as bolhas de ar aderem nas goticulas de 6leo
e flotam. As caracteristicas dos flocos formados nas etapas de coagulacdo e
floculacdo determinam juntamente com as caracteristicas das micro-bolhas e as
condi¢bes hidrodinamicas, a eficiéncia do processo de FAD (MORUZZI et al.,
2017).

Na FAD com microbolhas <100 um, além da adesao normal bolha-particula,
ocorrem 0s processos de nucleacdo ou precipitacdo do ar dissolvido diretamente
sobre a superficie das particulas, o aprisionamento das microbolhas no interior de
agregados de particulas (flocos) e o simples arraste mecéanico dos flocos por parte
de uma frente (leito) de pequenas bolhas em ascenséo (RUBIO; SMITH, 2002).

Alguns parametros operacionais fundamentais na FAD sdo o tempo de

retencao, taxa de reciclo, tenséo superficial e o contato bolha-particula.
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3.3.2.1. Tempo de retengéo

A flotacédo consiste em duas etapas: a primeira € o acondicionamento, onde
0S reagentes se adsorvem sobre as superficies da gota de 6leo, somente sob
agitacdo. Durante o acondicionamento ocorrem as transformacdes fisico-quimicas
necessérias a adsorcao dos componentes. A segunda etapa € a propria flotacéo,
iniciada pela injecdo de microbolhas na emulséo, havendo a interacao do 6leo com
as bolhas de ar (ARRUDA et al., 2010).

O tempo de acondicionamento varia muito para cada sistema, podendo ser
de 3 a 30 minutos para sistemas industriais. Contudo, o tempo de retencdo pode
variar de estudo para estudo (RODRIGUES; RUBIO, 2007) .

3.3.2.2. Taxa de reciclo

Em um sistema de tratamento, a taxa de reciclo possui geralmente um
volume fixo, calculado a partir do efluente a tratar. Em um sistema continuo, logo
apos o primeiro tratamento, uma parte da agua ou do efluente tratado volta para o
vaso de saturacdo onde é injetado novamente ar atmosférico, a partir do qual o
processo recomeca (MENEZES et al., 2011b).

Um volume excessivo de agua de reciclo resulta em uma desvantagem
econdmica do processo, principalmente quando o volume de efluente a ser tratado
for alto, como por exemplo, em ecossistemas aquaticos contaminados (BARROS,
2011). Desta forma, o uso de grande volume de agua no processo para se
conseguir uma suposta eficiéncia que néo significa necessariamente extracao do
poluente, constitui uma insustentabilidade ambiental para a sociedade e prejuizo
econdmico para a empresa. Barros (2011) verificou que a quantidade de agua em
excesso nao participa do processo de extragdo ou ascensdo da particula, logo, ndo
apresenta um papel importante, exceto no aumento de probabilidade de colisdo
entre bolha e particula quando a distancia espacial entre elas é tdo elevada por
baixa concentracéo do poluente.

Santana (2009) encontrou os melhores resultados utilizando taxa de reciclo

de 40 e 60% no tratamento de agua produzida. JA Zouboulis e Avranas (2000)
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encontraram como sendo a melhor taxa de reciclo para remocao de Oleo da agua

um valor de 30%.

3.3.2.3. Tensao superficial e o contato bolha-particula.

A superficie pode ser pensada como um filme muito fino, o qual constitui a
interface entre dois materiais diferentes, como por exemplo, entre um liquido e um
gas ou um sodlido, entre dois liquidos imisciveis, entre outros. As superficies
possuem caracteristicas diferentes daquelas dos corpos dos materiais. H4 uma
propriedade de superficie chamada de tenséo superficial, que ndo esta presente no
interior do ligquido. Isso acontece, por que no interior do material, &tomos e
moléculas estdo rodeados pelo mesmo material. Ja na superficie, atomos e
moléculas possuem as mesmas caracteristicas apenas de um lado, sendo que no
outro lado possuem moléculas diferentes ou nenhuma molécula (BALL, 2006).

A tensao superficial € uma caracteristica Unica da superficie, e a mesma é
muito importante no que diz respeito ao comportamento dos liquidos. As superficies
podem reagir com certos reagentes, o que causa a aceleracdo da velocidade, ou
catalise de algumas reacfes quimicas (BALL, 2006).

E de extrema relevancia o contato entre as superficies da bolha de ar e gota
de 6leo. Contudo, esse contato deve ser efetivo, para que o aglomerado formado
permaneca acoplado até que atinja o topo da célula de flotacdo (SILVA, 2008). Os
poluentes que se encontram na forma de gotas finamente dispersas formam
aglomerados de 6leo de tamanhos maiores por meio da acdo de tensoativos,
devido a diminuicdo da tenséo interfacial, facilitando o contato. As bolhas de ar e
as gotas de o6leo ligam-se para formar glébulos. O aglomerado em agua tem uma
diferenca de densidade média mais alta do que a gota de 6leo em agua. Esta
caracteristica aumenta a forca de flutuacéo e, assim, a velocidade de subida do
Oleo. A flotagdo € bem-sucedida uma vez que as goticulas de Oleo criam uma
camada na superficie do tanque da FAD e a 4gua é suficientemente clarificada. O
contato da bolha de ar com uma gota de 6leo ndo garante a subida da gota de 6leo
a superficie. A goticula de Oleo precisa espalhar-se sobre a bolha de ar para formar
um aglomerado que é capaz de tolerar as forcas de arraste e gravitacional sem
quebrar-se a medida que se move (ALIFF RADZUAN; ABIA-BITEO BELOPE;
THORPE, 2016).
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As gotas de 6leo em meio aquoso podem se aderir as bolhas de gas por

meio de um dos seguintes fenémenos (Figura 2) (MARIA; MELO, 2017):

e Colisédo entre bolha e gota resultando na adeséo.

¢ Desenvolvimento da bolha diretamente na superficie da particula com a

formacdo de um angulo de contato, seguida da formacédo de uma lente ou

filme.

e Aprisionamento das bolhas na estrutura do floco.

e Capturas oo arraste das particulas por bolhas.

Figura 2. Fendbmenos de colisdo, adesao, nucleacéo, aprisionamento e captura de

particulas e agregados por microbolhas
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Fonte: MARIA; MELO, (2017)

Este processo de flotagdo é um dos mais econémicos e efetivos métodos de

recuperagdo-remocdao de solidos, 6leos emulsionados, micro-organismos, reducao

da DBO insoluvel e no espessamento de lodos. A crescente utilizacdo da FAD, em

todos os campos, deve-se as diversas vantagens em relacdo ao processo de

sedimentacdo. Entre outras podem ser citadas as seguintes: a) emprego de

menores concentragces de coagulantes e/ou floculantes, o que reduz custos

operacionais; b) maior concentracdo de sélidos no produto separado (lodo) e, por

conseguinte, menor custo de desidratacdo do mesmo; c) alta eficiéncia na remocao
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de solidos (elevada clarificacéo); d) elevada cinética de separacéo e portanto menor
area requerida para instalacdo de os equipamentos: apenas uma fracao da area
ocupada pelas unidades de sedimentacdo para capacidades similares; e) maior
eficiéncia na remocao de DBO de que outros processos de separacdo gravitica
(MENEZES et al., 2011).

A eficiéncia da separacdo do processo de FAD depende fortemente das
condigbes em que ocorrem 0s contatos entre as bolhas e as particulas, a etapa
inicial é imprescindivel para a flotagdo. A frequiéncia das colisbes aumenta com a
reducdo do tamanho das bolhas, devido ao aumento da area superficial disponivel
para o contato com as particulas (RUBIO; SMITH, 2002)

Neste sentido, o fenébmeno da coalescéncia das bolhas € prejudicial j& que
implica em aumento do didametro médio das bolhas. Uma das fun¢bes do reagente
espumante € a de dificultar a coalescéncia. Uma pequena adi¢cdo do espumante
tem forte influéncia no tamanho das bolhas, cujo diametro médio tende a diminuir
até o tamanho original. A concentracao correspondente a esse tamanho limite é
denominada concentracdo critica de coalescéncia (ccc) que € caracteristica de
cada sistema (AZGOMI; GOMEZ; FINCH, 2007)

Sendo assim, existe uma série de produtos quimicos que podem induzir ou
melhorar a separacdo seletiva das espécies. Estes reagentes sdo comumente
classificados como segue (LUNA, 2004; ROCHA E SILVA et al., 2018):

e Coletores: substancias quimicas utilizadas com o objetivo de provocar uma
hidrofobizacdo seletiva nas particulas presentes na polpa de flotacéo,
possibilitando sua aderéncia as bolhas de ar e aumentando a eficiéncia de
coleta.

e Ativadores: Substéncias conhecidas como ativadores sdo adicionadas a
polpa de flotagdo com o objetivo de propiciar uma melhor adsor¢céo do
coletor na superficie destas particulas.

e Depressores ou Inibidores: substancias que evitam a adsor¢éo do coletor a
uma determinada espécie, permitindo uma coleta seletiva. Formam um dos
mais importantes grupos de compostos quimicos usados na flotacdo de

minérios.
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Reguladores: a eficiéncia da maioria dos processos de separagao por
flotacéo depende consideravelmente do pH da suspensédo. Compostos que
modulam o ambiente da flotacdo através da regulacdo do pH séo
denominados de reguladores.

Espumantes: substancias tensoativas heteropolares que adsorvem na
interface ar-agua. Sua acdo na fase liquida da polpa de flotacdo eleva a
resisténcia mecanica das bolhas de ar, favorecendo a disperséo das bolhas
e diminuindo a coalescéncia. Ocorre um aumento da superficie de aderéncia
das particulas, permitindo a formacao de uma espuma estavel e consistente.
Floculantes: atuam na aglomeracdo das particulas, possibilitando a
formacao de agregados mais susceptiveis a serem separados por flotacdo.

Em geral, séo substancias de alta massa molar, sintéticas ou naturais.

3.3.2.4. Classificagdo da FAD de acordo com os métodos de dissolucéo do ar

Os sistemas de flotagéo por ar dissolvido podem ser classificados de acordo

com os métodos de dissolucdo do ar utilizados em sistemas de compresséao total

do efluente (no qual todo o fluxo de alimentacéo é submetido a presséo), sistemas

de compressao parcial do efluente, e sistemas de compressao do reciclo de parte
do efluente clarificado (MENEZES et al., 2011).

O sistema de compresséao total do efluente tem a vantagem de requerer

pressdes menores de saturacdo, pois a probabilidade de adesdo bolha-gota é

maxima neste sistema. Sua principal desvantagem é a compressdo e 0

bombeamento, o que pode promover a emulsificacdo do 6leo (ALBUQUERQUE et
al., 2012).

3.3.2.5. Aplicagbes da FAD

2012):

A flotacdo por ar dissolvido (FAD) pode ser usada (ALBUQUERQUE et al.,

em operacdes de separacao solido-liquido e recirculacdo de agua (como em
espessamento);
remocao de ions do processo presentes na agua, o qual muitas particulas

gangas ativas alimentam a planta de flotagdo mineral;
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tratamento da flotacdo de efluentes liquidos removendo poluentes liquidos,
derramamentos de 6leos ou emulsdes, ions de metais pesados, precipitados
coloidais, coletores organicos residuais e espumantes;

tratamento das drenagens &cidas de mina (DAM), removendo solidos
gerados apds a neutralizacéo;

tratamento e reuso da 4gua da lavagem de equipamentos da mineracéo,
veiculos e maquinérios grandes;

tratamento da agua filtrada proveniente da flotacdo de minérios
concentrados;

recuperacao de ions valiosos (Au, Pd, Ag e Pt);

tratamento de mineral fino associado com bolhas grosseiras;

na otimizacao da unidade de tratamento do (DAM) da mina de carvéo;

remocao de ions sulfato e manganés por precipitacao.

3.3.2.6. Viabilidade econdmica no uso da FAD

A crescente utilizacdo da FAD, em todos os campos, deve-se as diversas

vantagens em relacdo ao processo de sedimentacdo. Entre outras podem ser
citadas as seguintes (JAMALY; GIWA; HASAN, 2015):

emprego de menores concentracdes de coagulantes e / ou floculantes, o que
reduz custos operacionais;

maior concentracdo de sélidos no produto separado (lodo) e, por
conseguinte, menor custo de desidratacdo do mesmo;

alta eficiéncia na remocéo de soélidos (elevada clarificacéo);

elevada cinética de separacdo e, portanto, menor area requerida para
instalacdo de equipamentos: apenas uma fracdo da area ocupada pelas
unidades de sedimentacao para capacidades similares;

maior eficiéncia na remocao de DBO de que outros processos de separacao
gravitacional e;

rapida retomada na operacéo.

A aplicagéo da FAD, em sistemas diluidos (< 4% em massa) € um dos mais

econdbmicos e efetivos métodos de recuperacdo-remocao de solidos, Oleos
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emulsionados, micro-organismos, reducéo da DBO insoluvel e no espessamento
de lodos (JAMALY; GIWA; HASAN, 2015).

Atualmente, a flotacdo por ar dissolvido (FAD) est4 sendo bastante difundida
na area de tratamento de agua de abastecimento e, também, na remocé&o de éleos
e graxas e/ou detergentes vindos das petroquimicas e termelétricas entre outras,

gue misturam Oleo e agua no seu processo (EDZWALD, 2010).

3.4. SURFACTANTES

Os surfactantes sdo compostos anfipaticos contendo por¢des hidrofilicas e
hidrofébicas que se particionam, preferencialmente, na interface entre fases fluidas
com diferentes graus de polaridade e pontes de hidrogénio, como interfaces
Oleo/agua ou ar/agua (GUTNICK; BACH, 2017).

Essas caracteristicas permitem aos surfactantes reduzir a tenséo superficial
e interfacial e com isso formar microemulsdes onde os hidrocarbonetos possam se
solubilizar em &gua ou onde a agua possa se solubilizar em hidrocarbonetos
(BURGHOFF, 2012).

Tais microemuls@es ocorrem espontaneamente e dependem principalmente
do tipo e estrutura do surfactante. Por exemplo, se o surfactante € idnico juntamente
com uma Unica cadeia de hidrocarboneto, a formacao de microemulsao ocorre na
presenca de co-surfactante e / ou eletrdlito, enquanto que, para surfactantes idnicos
nao ibnicos e de cadeia dupla, co-surfactante ndo € necesséario (DOSHI,
SILLANPAA; KALLIOLA, 2018).

A propriedade de maior importancia para 0s agentes tensoativos € a tensao
superficial, que é a forca de atracao existente entre as moléculas dos liquidos. A
tensdo superficial diminui quando a concentracao de surfactante no meio aquoso
aumenta, ocorrendo a formagdo de micelas, que sdo moléculas anfipaticas
agregadas com as por¢cOes hidrofilicas posicionadas para a parte externa da
molécula e as porc¢des hidrofébicas para a parte interna (BURGHOFF, 2012).

A eficiéncia e a efetividade séo caracteristicas basicas essenciais que
determinam um bom surfactante. A eficiéncia € medida através da CMC, enquanto
que a efetividade esta relacionada com as tensdes superficiais e interfaciais (DE
FRANC A et al., 2015).

A maioria dos surfactantes disponiveis comercialmente é produzida a partir

de derivados de petréleo. Entretanto, o crescimento e a preocupacdo ambiental
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entre os consumidores, combinados a novas legislacdes de controle do meio
ambiente levaram a procura por surfactantes naturais como alternativa aos
produtos existentes (SANTOS et al., 2016).

A concentracdo micelar critica (CMC) € a minima concentracdo de
surfactante necessaria para reduzir a tensao superficial até o grau maximo apos o
qual os surfactantes adicionais ndo tém mais efeito. Quando o CMC é alcancado,
um numero de micelas sdo formadas (LUNA; RUFINO; SARUBBO, 2016).

3.5. BIOSSURFACTANTES

Os estudos relacionados aos biossurfactantes iniciaram-se em 1960 e a
utilizacdo desses compostos se estendeu nas ultimas décadas, surgindo como
alternativa aos surfactantes sintéticos, especialmente em industrias farmacéuticas,
alimenticias e na petrolifera (MARCHANT; BANAT, 2012a).

Tendo em vista a crescente conscientizacdo em relacdo as salvaguardas
ambientais, politicas rigidas, precos volateis do petréleo e aumento simultaneo na
demanda do consumidor, nos ultimos anos, o foco tem sido direcionado ao uso de
compostos anfifilicos ativos produzidos na superficie microbianos conhecidos como
biossurfactantes. Sao substitutos promissores para os surfactantes quimicamente
sintetizados devido as suas propriedades Unicas, como maior biodegradabilidade,
baixa toxicidade, aceitabilidade ecoldgica, aumento das atividades superficiais,
maior formacdo de espuma, baixa concentracdo de micelar critica (CMC), alta
seletividade e especificidade, resisténcia a condicdes extremas de temperaturas,
faixas de pH e salinidade (JOY; RAHMAN; SHARMA, 2017).

A razdo desta notoriedade estd relacionada a baixa toxicidade,
biodegradabilidade, habilidade de producdo a partir de fontes renovaveis,
capacidade de acdo em ambientes extremos, como pH, temperatura e salinidade,
além de estruturas quimicas variadas (MUTHUSAMY et al., 2008)

A maioria dos surfactantes disponiveis comercialmente € produzida a partir
de derivados de petroleo. Entretanto, o crescimento e a preocupacdo ambiental
entre os consumidores, combinados a novas legislacdes de controle do meio
ambiente levaram a procura por surfactantes naturais como alternativa aos
produtos existentes (SANTOS et al., 2013).

Véarios compostos com propriedades tensoativas sdo sintetizados por

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

Os compostos de origem microbiana que exibem propriedades surfactantes
sdo denominados biossurfactantes e consistem em subprodutos metabdlicos de
bactérias, leveduras e fungos filamentosos (ROCHA E SILVA et al., 2015; SANTOS
et al., 2013; SINGH; VAN HAMME; WARD, 2007).

Os biossurfactantes sdo classificados como glicolipidos, lipoproteinas ou
lipopépitidos, fosfolipidos, acidos graxos ou lipideos naturais, surfactantes
poliméricos e surfactantes em particulas (HOSKOVA et al., 2013).

A maioria dos biossurfactantes conhecidos é produzida em substratos
insolaveis em agua como hidrocarbonetos sélidos e liquidos, 6leos e gorduras,
embora muitos tenham sido obtidos a partir de substratos solluveis, ou pela
combinacéo destes (BANAT et al., 2010).

3.5.1. Micelacao e Concentracao Micelar Critica (CMC)

Em solugbes aquosas, o tensoativo atua na forma de mondémeros,
orientando-se preferencialmente nas interfaces (CAMPOS et al., 2013), de modo
gue as cabecas polares estejam direcionadas para a solucéo e as caudas apolares
orientadas para o ar, reduzindo a tenséo interfacial da 4gua (ALMEIDA et al., 2016).

A tensdo superficial de um liquido é reduzida com o aumento da
concentracdo do tensoativo no meio, até um valor determinado (Figura 3). Contudo,
a partir de certo momento, a tensao permanecera constante, mesmo com o
acréscimo de mais tensoativo. Isto ocorre devido a saturacdo da interface (SILVA,
2008). Em consequéncia desse excesso, as moléculas formam agregados,
denominadas micelas, cujo aparecimento se dara em uma concentracdo conhecida
como Concentragao Micelar Critica (CMC) (CAMPOS et al., 2013).



37

Figura 3. Esquema llustrativo mostrando as regides nas quais ocorre a
formacéo de micelas na concentracdo micelar critica — CMC

Biossurfactante

Micelas

Tensdo superficial (mN/m)

Concentragdo de biossurfactante (g/L)

Fonte: SANTOS et al. (2016)

A comparacao entre os valores de CMC de biossurfactantes e de seus
equivalentes quimicos estd apresentada na Tabela 1 e mostra CMCs muito mais
baixas no caso dos biossurfactantes. Em principio, quanto menor a CMC, mais
eficaz o surfactante e mais favoravel, do ponto de vista econémico, a sua utilizacao
em processos industriais (MARCHANT; BANAT, 2012).

Tabela 1. Exemplos de Concentracdo Micelar Critica de biossurfactantes e
surfactantes quimicos

Agente surfactante CMC (mg/L)
Fosfatidiletanolaminas 30
Acidos fosfatidicos 70
Raminolipideo 20
Surfactina 11
Lipopeptideo 60
Glicolipideo 30
Alquil benzeno sulfonato 590
Produzido por C. shaerica 92
Produzido por Bacillus sp. 30
Tween 80 45
Triton X-100 70
Lauril sulfato de sodio 2 000 -2900

Fonte: adaptado de CHAPRAO et al. (2015)
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3.5.2. Micro-organismos produtores de biossurfactantes

Uma variedade de micro-organismos, tais como bactérias, leveduras e
fungos filamentosos, sdo capazes de produzir biossurfactantes com diferentes
estruturas moleculares (SANTOS et al., 2014). Dentre as principais espécies e
géneros investigados, destacam-se: Bacillus subtilis, Pseudomonas aeruginosa,
Arthrobacter, Acinetobacter calcoaceticus, Candida lipolytica, Candida bombicola,
dentre outras (CAMPOS et al., 2015).

Alguns micro-organismos podem produzir biossurfactantes quando crescem
em diferentes substratos, cariando desde carboidratos até hidrocarbonetos. O uso
de diferentes fontes de carbono altera a estrutura dos biossurfactantes produzidos
e, consequentemente, suas propriedades emulsificantes. Estas mudancas podem
ser benéficas quando se deseja propriedades especificas para uma aplicacdo
direcionada (ALMEIDA et al., 2016).

Diversos sdo os estudos realizados por varios autores utilizando espécies
do género Candida, incluindo Candida sphaerica,(LUNA et al., 2015; SOBRINHO
et al., 2013) Candida glabrata (GUSMAO et al., 2010; LUNA et al., 2009), Candida
lipolytica (RUFINO et al., 2014; SANTOS et al., 2013), Candida utilis (CAMPOS et
al., 2013), Candida guilliermondii (SITOHY et al., 2010), Candida antarctica (HUA
et al., 2003) e Candida tropicalis (BATISTA et al., 2010; PRIJI et al., 2013; ALMEIDA
et al., 2017) séo conhecidos por produzir biossurfactantes. Dentre estas, Candida
bombicola e Candida lipolytica estdo entre as mais comumente estudadas para a
producdo de biossurfactantes (CAMPOS et al., 2013; SILVA et al.,, 2014b). Os
glicolipideos mais comuns produzidos por este género séo os soforolipideos. Este
biossurfcatante € composto por um acgucar dissacarideo (2" -O-B-D-glicopiranosil-1-
B-D-glicopiranose) unido por ligagdo B-glicosidica a um acido graxo de cadeia
longa. Candida bombicola se destaca dentre as leveduras utilizadas na producéo
deste biossurfactante, para o qual ja foram registrados valores de tenséo superficial
de aproximadamente 33 mN/m e altos rendimentos(SANTOS et al., 2016a). Outro
biossurfactante bastante promissor produzido por leveduras sdo os lipideos de
manosileritritol, os quais sdo abundantemente produzidos pela levedura Candida
antarctica a partir de 6leos vegetais (AL-BAHRY et al., 2013).

A levedura Candida tropicalis tem sido amplamente estudada por varios

pesquisadores como uma potente linhagem com capacidade para biodegradar
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hidrocarbonetos (ALMEIDA et al., 2017; CHANDRAN; DAS, 2011). Estudos mais
recentes, no entanto, também tém revelado que esta espécie tem a capacidade
metabdlica para produzir biossurfactante quando cultivada em substratos imisciveis
em agua (SAMAL; DAS; MOHANTY, 2017).

Dentre as bactérias, a literatura descreve as dos géneros Pseudomonas e
Bacillus como grandes produtores de biossurfactantes. O género Pseudomonas é
conhecido por sua capacidade de produzir grandes quantidades de glicolipideos,
dos quais, 0os mais bem estudados e descritos na literatura sédo os raminolipideos,
produzidos pela bactéria Gram-positiva Pseudomonas aeruginosa (SANTOS et al.,
2016). Dentre as bactérias Gram-positivas, Bacillus subtilis € a mais amplamente
estudada e € conhecida por sua eficiéncia na producéo de um tipo de lipopeptideo
com excelente atividade superficial denominado surfactina. Este biossurfactante
contém sete aminoacidos ligados aos grupos carboxila e hidroxila do acido Ci4 e é
reportado pela literatura como um dos mais poderosos tensoativos naturais
conhecidos (LIU; LIN; CHANG, 2015).

3.5.3. Propriedades dos biossurfactantes

As propriedades fisicas e quimicas dos biossurfactantes, como reducdo da
tensdo superficial, capacidade espumante, capacidade emulsificante e
estabilizante, concentragbes micelares criticas baixas, solubilidade e poder
detergente sdo muito importantes na avaliacdo de seu desempenho e na sele¢céo
de micro-organismos com potencial de producdo destes agentes (DELEU;
PAQUOQOT, 2004).

Biossurfactantes de glicolipideos possuem varias propriedades funcionais
(emulsionantes, espumantes, molhantes, anti-adesivos e anti-biofiimes) e
propriedades biolégicas (atividade antibacteriana), permitindo seu uso em
industrias de alimentos como aditivos e conservantes. Realmente, a melhoria da
qualidade dos alimentos e sua preservacao tornaram-se de grande interesse nas
Gltimas décadas (MNIF; GHRIBI, 2016).

Apesar da diversidade de composicdo quimica e de propriedades, algumas
caracteristicas sdo comuns a maioria dos biossurfactantes. Muitas dessas
caracteristicas representam vantagens sobre o0s surfactantes convencionais
(CHAPRAO et al., 2015):
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Atividade superficial e interfacial: os biossurfactantes sdo mais eficientes e
mais efetivos do que os surfactantes convencionais, pois produzem menor
tensdo superficial a menores concentracdes. A CMC dos biossurfactantes
(medida de sua eficiéncia) varia entre 1-2000 mg/L, enquanto que a tenséo
interfacial (6leo/agua) e superficial fica em torno de 1 e 30 mN/m
respectivamente (SANTOS et al., 2016).

Tolerancia a temperatura, pH e forca ibnica: muitos biossurfactantes podem
ser utilizados sob condigbes extremas. O biossurfcatante da levedura
Candida lipolytica UCP 0988 mostrou-se estavel apos o tratamento com
temperaturas chegando a 120 °C, e apresentou propriedades praticamente
inalteradas a uma faixa de pH entre 2 e 12 (SANTOS et al.,, 2013). Os
biossurfactantes suportam concentracdes de NaCl de até 12 %, enquanto
que uma concentracdo salina de 2 — 3 % ja é suficiente para inativar a
maioria dos surfactantes convencionais (CAMPOS et al., 2013)
Biodegradabilidade: os biossurfactantes sdo facilmente degradados por
bactérias e outros micro-organismos microscopicos na agua e no solo, o que
os torna adequados para aplicacdes na biorremediacdo e tratamento de
residuos (SANTOS et al., 2016).

Baixa toxicidade: os biossurfactantes tém recebido maior atencéo devido a
crescente preocupacao da populacdo com os efeitos alérgicos dos produtos
artificiais; além disso, sua baixa toxicidade permite o uso em alimentos, em
cosmeéticos e em produtos farmacéuticos (CAMPOS et al., 2013).
Disponibilidade: biossurfactantes podem ser produzidos a partir de matérias-
primas largamente disponiveis, além da possibilidade de serem produzidos
a partir de residuos industriais (SANTOS et al., 2016; SILVA et al., 2014).
Especificidade: biossurfactantes, sendo moléculas organicas complexas
com grupos funcionais especificos também serdo especificos em suas
acOes. Essa propriedade pode ser de grande interesse da detoxificacdo de
poluentes especificos ou em determinadas aplicagcbes nas industrias
farmacéutica, cosmética ou alimenticia.

Biocompatibilidade e digestibilidade, o que garante a aplicagcdo dessas
biomoléculas nos mais deviersos setores industriais, destacando as

industrias farmacéutica, cosmética e alimenticia.
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A despeito das vantagens, alguns pontos desfavoraveis devem ser citados,
como (JOY; RAHMAN; SHARMA, 2017):

e A producdo em grande escala de biossurfactantes pode ser dispendiosa.
Esse problema, entretanto, pode ser resolvido pela combinacdo de
substratos de baixo custo.

e A obtencao de produtos com elevado grau de pureza, que se torna dificil em
virtude da necessidade de etapas consecutivas de purificacdo do liquido
metabalico.

e A existéncia de espécies super produtoras é rara e as conhecidas ndo sao
capazes de produzir altos rendimentos em surfactantes, além de
necessitarem de meios de cultivo complexos (SILVA et al., 2014)

e A regulacdo da sintese de biossurfactantes ndo esta totalmente
compreendida, uma vez que essas biomoléculas podem ser produzidas
como metabdlitos secundarios ou em associa¢ao ao crescimento microbiano
(ALMAEIDA et al., 2016)

¢ O aumento da produtividade € muitas vezes prejudicado pela formacdo de

espuma, o que requer a utilizacdo de meios diluidos.

3.5.4. Aplicagdes ambientais dos biossurfactantes

As aplicagdes industriais dos surfactantes séo 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 aplicacbes (MUTHUSAMY et al., 2008).

A atividade superficial Unica, juntamente com o baixo custo de producédo e a
compatibilidade com outros os co-tensoativos conduziram a exploracdo dos
surfactantes em larga escala em varias aplicag6es industriais. Por exemplo, as
formulacbes de surfactantes sdo amplamente utilizadas como detergentes,
emulsionantes, desemulsionantes, dispersantes, agentes molhantes, retardadores
de espuma, estabilizadores, agentes gelificantes, etc. Em 2014, a producao
mundial de surfactantes foi cerca de 17,5 mil toneladas por ano, com vendas brutas
no valor de cerca de US $ 29 bilh&es, revelando um crescimento projetado e estavel
de 3-5% ao ano (EDSER, 2016).
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Os biossurfactantes, assim como 0s surfactantes sintéticos, devido as
diversas estruturas e propriedades, apresentam aplicacdes em varios processos
industriais, além da possibilidade de novas aplicagBes para estas biomoléculas.
Acredita-se que o0s biossurfactantes ficardo conhecidos como os “materiais
multifuncionais” do novo século (MUTHUSAMY et al., 2008).

Os biossurfactantes receberam atencao consideravel no
campo de processos de remediacdo ambiental. Essas substancias influenciam tais
processos devido a sua eficacia como agentes de dispersao e remediacdo, bem
como suas caracteristicas ecologicamente corretas, como baixa toxicidade e alta
biodegradabilidade (SILVA et al., 2014).

Essas caracteristicas contribuem para a relevancia dos biossurfactantes
para diferentes industrias, especialmente na industria do petréleo, que possui
muitas condicbes de processos adversos (SILVA et al., 2014). A maioria das
aplicacbes bem-sucedidas de biossurfactantes que conseguiram chegar ao
mercado foi impulsionada principalmente pelo processo econdmico de producgéo e
pela eficacia de custos (BANAT et al., 2010). Isso foi facilitado pelas especificacdes
de pureza mais baixa exigidas para tais aplicacbes, eliminando as etapas de
processamento a jusante de purificacdo que frequentemente representam quase
60% dos custos totais de producéao (SARUBBO et al., 2015).

3.5.4.1. Aplicacéo na biorremediacéo

Biorremediacdo é a habilidade de organismos vivos em transformar ou
mineralizar contaminantes organicos gerando substancias menos nocivas, que
possam ser integradas ao ciclo biogeoquimico natural. Contudo, a
biodegradabilidade desses contaminantes € influencidade por fatores como
oxigénio, pH, presenca de macro e micronutrientes, caracteristicas fisico-quimicas
do histdrico da poluicdo ambiental e das particulas de solo ou outras as quais 0s
organismos e contaminantes possam estar adsorvidos (PACWA-PLOCINICZAK et
al., 2011; PLAZA et al., 2011).

A biorremediacéo utilizando micro-organismos ou processos microbianos em
ambientes contaminados tem inumeras aplicacoes incluindo a limpeza de aguas
subterraneas, solos, lagos e processos de tratamento de esgotos. Essa é uma
tecnologia bem aceita pela opinido publica na recuperacdo de ambientes poluidos

nao afetando o equilibrio ecolégico, jA que as bactérias, os fungos filamentosos e
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as leveduras sdo agentes transformadores eficazes, face as suas habilidades em
degradar uma ampla diversidade de substancias organicas (PERFUMO; BANAT,;
MARCHANT, 2018).

Os novos biossurfactantes ainda n&o caracterizados de diferentes micro-
organismos mostraram potenciais aplicacoes na biorremediacao
reduzindo os solos contaminados por hidrocarbonetos. Por exemplo, um
biossurfactante extraido de Lactobacillus pentosus foi mais eficiente do que o
detergente SDS na remocao de octano de solos contaminados, enquanto um HMB
produzido pela bactéria Variovorax paradoxus removeu o petréleo bruto de solos
contaminados artificialmente (GUTNICK; BACH, 2017).

Como os biossurfactantes aumentam a interacdo agua/éleo, aceleram a
degradacdo de varios 6leos por micro-organismos e promovem a biorremediacdo
de aguas e solos contaminados (MULLIGAN, 2005).

A capacidade dos surfactantes em emulsificar e dispersar hidrocarbonetos
em Aagua aumenta a degradacdo desses compostos no ambiente. Os
biossurfactantes também sao Uteis na biorremediacao de locais contaminados com
metais pesados toxicos como uranio, cddmio e chumbo e na remocéo de piche
apos a introducéo de Pseudomonas, Arhtrobacter, e Bacillussubtilis, demonstrando
resultados promissores (PACWA-PLOCINICZAK et al., 2011).

Pesquisas com consorcios microbianos e raminolipideos demonstraram o
potencial de biorremediacdo de hidrocarbonetos de petréleo. A aplicacdo do
raminolipideo de Pseudomonas aeruginosa DS10-129 aumentou a biorremediacao
de gasolina adsorvida em solo (JOY; RAHMAN; SHARMA, 2017).

Alguns estudos demonstraram o0 aumento da biodisponibilidade de
compostos aromaticos pouco solaveis como os hidrocarbonetos aromaticos
policiclicos (HPAS) pelo uso de biossurfactantes (MULLIGAN, 2009; SHARMA,
SINGH; UPADHYAY, 2008).

3.5.4.2. Aplicacdo na limpeza de reservatorios de dleos

A aplicacdo de biossurfactantes no tratamento de residuos oleosos torna-se
um dos pré-requisitos importantes para que ocorram interacdes entre os residuos
e a célula microbiana, devido a reducao da tenséo superficial existente entre o 6leo
e a fase aquosa (CALVO et al., 2009; HUANG et al., 2016).
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A utilizacdo de biossurfactantes para a limpeza de tanques, em substituicéo
aos surfactantes convencionais, promoveu a limpeza e recuperacao de 90 % dos
hidrocarbonetos presentes no residuo (PACWA-PLOCINICZAK et al., 2011).

O cenario atual de um mercado t&o volatil para os precos do petrdleo é um
caminho bastante arduo para as industrias de petroleo e paises altamente
dependentes da renda baseada no petréleo. No entanto, a industria de petrdleo
enfrentando esse cenario em tempos desesperadores, sempre trouxe espacgo para
melhorias e modernizagdo de tecnologias para garantir resultados mais
econdbmicos e eficazes. Essas tecnologias incluem a recuperacdo avancada do
petréleo (MEOR) desenvolvida para melhorar economicamente a extracdo e
recuperacao de Oleo. Existem trés estagios na recuperacdo de petréleo: primario,
secundéario e terciario. As operacdes de MEOR sao geralmente empregadas em
estagios secundarios ou terciarios (GEETHA; BANAT; JOSHI, 2018).

A recuperacédo microbiana melhorada de petréleo (MEOR) consiste em uma
tecnologia de recuperacdo terciaria de 6leo que utiliza micro-organismos ou
produtos de seu metabolismo para a recuperacdo de Oleo residual. Estes micro-
organismos produzem compostos tensoativos que reduzem a tensao superficial da
interface 6leo-rocha, reduzindo as forcas capilares que impedem a movimentacao
do Oleo através dos poros da rocha. Os biossurfactantes também auxiliam na
emulsificacdo e na quebra dos filmes de o6leo das rochas. A utilizacdo de
biossurfactantes em MEOR envolve varias estratégias, como a injecdo de micro-
organismos produtores de biossurfactantes no reservatorio; injecdo de nutrientes
no reservatério, para estimular o crescimento de micro-organismos autoctones
produtores de biossurfactantes; ou, ainda, a producdo de biossurfactantes em
biorreatores e posterior injecdo no reservatorio (ALMEIDA et al., 2016).

A remocéo de residuos e fracbes de Oleos pesados requer lavagens com
solventes ou mesmo manuais, ambas perigosas, demoradas, e caras ja que 0S
residuos e as fracdes de Oleos 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 € o uso de biossurfactantes
que promovem a diminui¢cdo na viscosidade e a formacdo de emulsdes 6leo/agua,
facilitando o bombeamento dos residuos e a recuperacao do 6Oleo cru, apos quebra
da emulsdo (SHARMA; SINGH; UPADHYAY, 2008).
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3.5.4.3. Aplicacéo na dispersdo de manchas de petréleo

O derramamento de Oleos ocorridos durante o seu transporte ou na
construcdo de oleodutos afeta drasticamente as regides costeiras e praias, sendo
hoje uma das maiores causas de catastrofes ecoldgicas e sociais no mundo
(MUTHUSAMY et al., 2008).

Uma das técnicas de remediacdo de derramamentos de 6leo é a aplicacéo
de dispersantes de manchas de 6leo. Os dispersantes utilizados para este fim sdo
compostos de misturas complexas de surfactantes, solventes e aditivos que
aumentam a taxa de dispersdo natural do Oleo e sua retirada da superficie
contaminada (PERFUMO; BANAT; MARCHANT, 2018). Além disso, o uso de
dispersantes minimiza o impacto de derramamento de Oleo sobre 0s recursos
sensiveis na orla costeira, reduzindo a quantidade de 6leo derramado.

A aplicacé@o de dispersantes minimiza o impacto do derramamento de 6leo
em aves e mamiferos marinhos, pois remove o 6leo da superficie da agua. Além
disso, o uso de dispersantes minimiza o impacto de derramamento de 6leo sobre
0S recursos sensiveis na orla costeira, reduzindo a quantidade de 6leo derramado.
O aumento da area superficial do petréleo como resultado da sua dispersdo em
pequenas goticulas facilita também sua biodegradacédo através da atividade de
micro-organismos de ocorréncia natural (PACWA-PLOCINICZAK et al., 2011).

Os biossurfactantes exercem influéncia sobre os processos de remediacao
através de sua eficacia como agentes dispersantes. A literatura descreve o uso de
biossurfactantes no aumento da dispersao e biodegradacéo de hidrocarbonetos No
entanto, poucos estudos tém investigado na pratica a aplicacdo de biossurfactantes

como dispersantes de derramamento de 6leo (SAEKI et al., 2009).

3.5.4.4. Aplicagéo na flotagcado de metais pesados e petroderivados

Nos ultimos anos, os estudos voltados para a aplicacdo de biossurfactantes
na flotacéo tém se intensificado em funcéo das caracteristicas desses compostos
como biodegradabilidade, baixa toxicidade, especificidade e estabilidade sob
condi¢bes ambientais extremas de temperatura, pH e salinidade (SANTOS et al.,
2016)

Diante deste panorama, Menezes et al. (2011) demonstraram que a
operacdo com FAD utilizando surfactantes sintéticos e biolégicos testados nas
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mesmas condi¢des obtiveram valores de turbidez inferiores ao limite da legislacéo
brasileira vigente que é de 5 NTU (Unidades Nefelométricas de Turbidez), tendo o
biossurfactante produzido por Candida lipolytica apresentado resultado superior ao
do oleato de sodio, um surfactante quimico, para experimentos de remoc¢do de
metais pesados.

A maioria dos biossurfactantes utilizados na biorremediacdo do solo séo
produzidos por bactérias, especialmente espécies de Pseudomonas e Bacillus e
algumas utilizados na remocéo de metais pesados (MENEZES et al., 2011a).

Albuquerque et al. (2012) também observaram resultados para
biossurfactantes semelhantes aos do oleato de sodio, na remoc¢do de metais
pesados. Com esses métodos, pretende-se desenvolver processos de reciclagem
para os biossurfactantes tornarem-se substitutos atrativos aos coletores sintéticos,
no tratamento de efluentes por flotacdo, reduzindo o impacto ambiental deste tipo
de atividade.

Uma quantidade excepcionalmente alta de contaminagdo por metais
pesados é encontrada na mineracdo, na fundicdo ou no aterro de residuos
industriais, onde os metais mais freqientemente identificados sé&o Pb, Cu, Zn, Cd,
Ni, Cr (LUNA; RUFINO; SARUBBO, 2016).

Rocha e Silva et al. (2015) analisaram o uso de biotensoativos na eficiéncia
de separacao do sistema FAD em escala piloto. O processo foi eficaz com e sem o
uso de biotensoativos. No entanto, a utilizacdo do biossurfactante produzido por
Candida sphaerica potencializou a eficiéncia de separacao de 80 para 95%. Sendo
assim, observa-se que a flotacao é uma tecnologia limpa e eficaz na separacao de
0leo-agua, mas ainda necessita de maiores estudos quanto ao uso de coletores no
seu processo, devido ao uso ndo sustentavel de surfactantes quimicos.

Em estudos realizados para verificar a cinética de sorcédo de sedimentos
utilizando o biossurfactante produzido por Lactobacillus pentosuse dois
surfactantes sintéticos, o0s resultados demostraram que o0 biossurfactante
apresentou resultados muito promissores e que a natureza da molécula € o mais
importante para a obtencdo de resultados satisfatorios. O SDS nédo foi bem
adsorvido pelos sedimentos, enquanto que o Tween 20 e o biossurfactante devido
as suas naturezas anionica e nao ibnica, respectivamente, apresentaram
resultados satisfatorios (ZOUBOULIS et al., 2003).
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Alguns trabalhos também apresentam estudos sobre a aplicacdo dos
processos de flotacdo para remocéao de ions metélicos dos efluentes. Dois agentes
tensoativos produzidos por micro-organismos (Surfactin-105 e Lichenysin-A) foram
aplicados como coletores de flotacdo para separacdo dos agentes metélicos dos
efluentes. Os testes demonstraram que o0s biossurfactantes apresentaram
resultados mais promissores do que os surfactantes sintéticos (SDS e
dodecilamina) (VECINO et al., 2013).

3.5.5. Utilizac&o de residuos Industriais na producéo de biossurfactantes

A sociedade atual caracteriza-se pelo aumento das despesas, a
necessidade de reutilizar materiais e com a preocupacdo ambiental,
consequentemente, vem dando uma énfase maior a recuperacéo, reciclagem e
reutilizacdo de diversos residuos (MARCHANT; BANAT, 2012; SANTOS et al.,
2016).

A necessidade de preservacdo ambiental leva a reutilizacdo de diversos
residuos industriais. Isto particularmente é valido para os alimentos e as inddstrias
de producdo de alimentos cujos residuos, efluentes e co-produtos podem ser
reutilizados. Estas industrias produzem grandes volumes de residuos sélidos e
liquidos, resultantes da producao, preparacdo e consumo dos alimentos e quando
descartados geram poluicdo e representam uma grande perda de nutrientes,
particularmente das industrias de alimentos, vém sendo utilizados na bioconversao
e chamando mais atencéo devido a possibilidade de aplicacdo na producéo de
bioadsorventes (BANAT et al.,, 2010; MAKKAR; CAMEOTRA; BANAT, 2011,
MARCHANT; BANAT, 2012b).

O uso dos substratos mais baratos, como o agroindustrial residuos € uma
das estratégias desejaveis para a producdo econdémica de biossurfactantes, pois
0s substratos podem representar 10-30% do produto final custo (BANAT et al.,
2014).

Varias alternativas mais baratas sdo relatadas para a producdo de
biossurfactantes, tais como: melaco e residuos de amido, residuos da indastria de
laticinios, residuos da industria de Oleo vegetal, residuos Oleos de fritura e
agricultura e residuos lignocelulésicos (AL-BAHRY et al., 2013).

A escolha do substrato mais barato depende da sua facil disponibilidade e

pode variar muito de pais para pais, como 0 melaco da cana sera mais barato nos
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paises que produzem mais cana de acucar, em comparacao com outras partes do
mundo (GEETHA; BANAT; JOSHI, 2018).

A selecdo do substrato depende da escolha de um residuo com um certo
balanco de nutrientes para crescimento e producdo. Os residuos industriais com
elevado valor de carboidratos ou lipideos encontrados sédo muito atrativos como
substratos para producéo de biossurfactantes (MARCHANT; BANAT, 2012).

Barros et al. (2007) descreveram a importancia da variedade de residuos
industriais como matéria-prima para diversos bioprocessos. Segundo os autores
desse trabalho, a utilizacdo de residuos agroindustriais para producdo de
biossurfactantes € um dos passos para viabilizacdo e implantacdo desses
processos em escala industrial, sendo necessario um balanco de nutrientes para
desenvolver condi¢cdes adequadas no desenvolvimento e producéo. Os efluentes
do processamento de batata foram evidenciados como substitutos atrativos dos
substratos convencionais, uma vez que sao fontes de carboidratos na forma de
amido e acucar, de nitrogénio e de carbono, considerando que a composicdo do
meio interfere na redugao da tensao superficial.

Nitschke et al. (2007) selecionaram micro-organismos para a producao de
biopolimeros utilizando residuos agroindustriais. Utilizaram melago, soro de leite e
manipueira obtendo valores de tensédo superficial em torno de 26 mN/m. Lang
(2002) investigou a producéo de biossurfactantes usando 6leo vegetal doméstico
como substrato da bactéria Tsukamurellaspec DSM 44370, conseguindo reduzir a
tensdo da agua de 70 mN/m para 35 mN/m com CMC de 10 mg/L. Haba et al.,
(2014) compararam o uso de 6leo de oliva e girassol para a producdo de
biopolimeros usando valores de tenséo superficial até 40 mN/m como critério de
selecdo de micro-organismos potencialmente produtores. Rufino et al. (2007)
utilizaram um residuo de refinaria na producédo de biossurfactante por Candida
lipolytica obtendo resultados satisfatorios em termos de tensao superficial.

A milhocina e um residuo de refinaria de petréleo foram relatados como
nutrientes de baixo custo para a producéo de um biossurfactante glicolipidico de C.
sphaerica (UCP 0995). O biossurfactante recuperou cerca de 95% de 6leo de
motor adsorvido em amostra de areia e apresentou vastas aplicacbes em
processos de biorremediacdo (LUNA et al, 2011a; 2013; 2015). Silva et al. (2014b)

mostraram também a produc&o de um novo biossurfactante de P. cepacia cultivada
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em meio mineral suplementado com 2,0% de milhocina e 2,0% de 0leo de fritura
de soja.

Mukherjee et al. (2006) descreveram o0 uso de substratos de baixo custo
como alternativa econdmica e promissora para a producédo de biossurfactantes.
Derivados de 6leo vegetal, substancias a base de amido, soro de leite, 6leo de
babacu e girassol, melaco e efluente de arroz foram utilizados com eficiéncia na
producéo de raminolipideos e soforolipideos por varios micro-organismos.

Diferentes elementos encontrados nos efluentes dos processos industriais
também sao fontes de nutrientes. Nitrogénio e ferro foram utilizados para aumentar
o rendimento de biossurfactantes de Pseudomonas aeruginosa BS-2 e
Ustilagomaydis (JUWARKAR et al., 2007).

Amézcua-Vega et al. (2007) descreveram a importancia da relacao entre
diferentes elementos como C e N, C e P, C e Fe ou C e Mg na producdo de
biopolimeros e na otimizacao de seus processos de obtencéo.

A borra oleosa do fundo de tanques da Petrobras, contendo querosene, 6leo
diesel e petroleo, foi utilizado como matéria-prima de baixo custo para a producao
de biossurfactante pela bactéria Pseudomonas aeruginosa isolada de solo
contaminado (PIROLLO, 2006).

A gordura animal e o sebo podem ser obtidos em grandes quantidades nas
indastrias de processamento de carne e tém sido usados como meio para cozinhar
alimentos. Recentemente, Santos et al. (2013; 2014) reportaram a producdo
maxima de um glicolipideo usando gordura animal e milocina em comparacdo com
outras fontes de carbono usando a levedura C. lipolytica UCP0988.

A Tabela 2 mostra um resumo de algumas matérias-primas de baixo custo e os

respectivos micro-organismos utilizados na producéo de biossurfactantes.
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Tabela 2. Matérias-primas de baixo custo e respectivos micro-organismos

utilizados na producgao de biossurfactante

Matéria-prima de Tipo de Espécie microbiana Rendimento
baixo custo ou biossurfactante produtora maximo
residuos (g/L)
Oleo de babacu Glicolipideo Candida lipolytica IA
1055
Oleo de milho Glicolipideo Candida bombicola 400
ATCC 22214
Oleo de girassol e Raminolipideo Pseudomonas 4,31/2,98
Oleo de soja Lipideo aeruginosa DS10-129
manosileritritol
Candida sp. SY16 95
Oleo residual de Raminolipideo Pseudomonas 2,7
fritura (6leos de oliva aeruginosa 4772 NCIB
e girassol) 40044
Oleo residual de Raminolipideo Pseudomonas 2,7
fritura (6leos de oliva aeruginosa 4772 NCIB
e girassol) 40044
Residuo de refinaria Raminolipideo Pseudomonas 11,72
de 6leo vegetal aeruginosa LBI
Residuo de refinaria Raminolipideo Pseudomonas 16
de 6leo de girassol aeruginosa LBI
Residuo de refinaria Glicolipideo Candida antactica e/ou 10,5/13,4
de dleo vegetal Candida apicola
Solo e residuo de Raminolipideo Pseudomonas 0,92
refinaria de dleo aeruginosa AT10
vegetal
Efluentes do Lipopeptideo Bacillu subtilis
processamento de
Batatas
Manipueira Lipopeptideo Bacillus subtilis ATCC 2,2-30
21332 e Bacillus subtilis
LB5a
Residuo de refinaria Glicolipideo Candida sphaerica 9,0
de 6leo de amendoim UCP0995
e licor de maceracao
de milho.
Candida lipolytica 8,0
Residuo de refinaria Lipopeptideo UCP0998

de Oleo de soja e
acido glutamico

Fonte: adaptado de LUNA et al. (2013; 2014)
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3.5.6. Desenvolvimento de bioprocessos para a producao e recuperacao de
biossurfactantes

Um processo eficiente e econdmico constitui a base de qualquer industria
biotecnoldgica com fins lucrativos; assim, o desenvolvimento de bioprocessos é o
primeiro passo para a comercializacdo de todos os produtos biotecnoldgicos,
inclusive os biossurfactantes. Qualquer tentativa de aumentar o rendimento de um
biossurfactante exige a adicdo 6tima de componentes do meio e a selecdo das
condic¢des 6timas que conduzam a produtividade maxima ou 6tima (MARCHANT;
BANAT, 2012b).

De maneira semelhante, técnicas e métodos de processamento eficazes sédo
necessarios para a maxima recuperacao do produto.

Varios elementos, componentes do meio e precursores sao mencionados
como capazes de afetar o processo de producdo dos biossurfactantes e a
guantidade e a qualidade finais. Segundo a literatura, elementos como o nitrogénio,
o ferro e o manganés afetam o rendimento dos biossurfactantes. Da mesma
maneira, as proporc¢oes entre diferentes elementos como C:N, C:P, C:Fe ou C:Mg
afetam a producédo de biossurfactantes e a sua otimizagao intensifica a producao
(MAKKAR et al., 2011; BANAT et al., 2010). A maximizacao da produtividade ou a
minimizacdo dos custos de producdo exigem o uso de estratégias de otimizacao do
processo, envolvendo multiplos fatores.

Mesmo que se obtenha uma produc¢éao 6tima utilizando-se meios e condicdes
de cultivo adequados, o processo de producdo ainda requer métodos eficazes e
econdbmicos de recuperacdo dos produtos. Assim, um fator importante na
determinacao da viabilidade de um processo de producdo em escala comercial é a
disponibilidade de procedimentos de recuperacao e “downstream” econdmicos. No
caso de muitos produtos biotecnolégicos, o0s custos do processamento
correspondem a 60% dos custos totais de producéo. Varios métodos convencionais
para a recuperacdo de biossurfactantes como precipitacdo com acidos, extracao
com solventes, cristalizac&o, precipitacdo com sulfato de amonio e centrifugacao
tém sido amplamente mencionados na literatura (MUTHUSAMY et al., 2008).

Alguns métodos de recuperagdo nao-convencionais foram utilizados nos
altimos anos. Esses procedimentos tiram vantagem de algumas propriedades dos

biossurfactantes — como a atividade superficial ou a capacidade de formar micelas
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— e sao particularmente adequados a recuperacao continua em larga escala de
biossurfactantes extracelulares do liquido metabdlico. Alguns exemplos dessas
estratégias de recuperacao de biossurfactantes incluem fracionamento de espuma
(SEN; SWAMINATHAN, 2005), ultrafiltracdo, adsorgéo-dessor¢dao em resinas de
poliestireno e cromatografia de troca ibnica. Uma das principais vantagens desses
métodos € a capacidade de operar de modo continuo na recuperacdo de
biossurfactantes com um alto nivel de pureza (SAEKI et al., 2009).

Biossurfactantes com alto teor de pureza sdo exigidos em industrias como a
farmacéutica, alimenticia e cosmética, as quais irdo exigir a aplicacdo dessas
técnicas de recuperacao (JOY; RAHMAN; SHARMA, 2017).

Novas pesquisas sd0 necessarias para aperfeicoar as fases de
processamento ja existentes, tornando-as mais competitivas em termos de custos.
Muitas vezes, uma s técnica de processamento ndo € suficiente para a
recuperacado e purificacdo do produto. A Tabela 3 descreve os procedimentos de

recuperacéo dos biossurfactantes e suas vantagens.
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Tabela 3. Propriedades fisico-quimicas dos meétodos de recuperacdo de

biossurfactantes e suas vantagens relativas

Processo de
recuperacao

Propriedade
responsavel pela
selecdo do método de
separacao

Instrumentacgéao
necessaria

Vantagens

Precipitacao
acida

Extracdo com
solventes
orgénicos

Precipitacao
por sulfato de
amonio

Centrifugacao

Fracionamento
de espuma

Ultrafiltracéo
em membrana

Adsorcao em
resinas de
poliestireno

Biossurfactantes se
tornam insollveis a
baixos pH

Biossurfactantes séao
solGveis em solventes
organicos devido a
presenca da cadeia
hidrofébica

Exclusédo da fase
saturada em sal pelo
biossurfactante
polimérico rico em
proteinas

Biossurfactantes
insolUveis precipitam
em funcao da forca
centrifuga

Biossurfactantes,
devido a atividade
surfactante, formam e
se particionam na
espuma

Biossurfactantes
formam micelas acima
da CMC, as quais séo
retidas em membranas

poliméricas

Biossurfactantes sao
adsorvidos em resinas
poliméricas e podem
ser desorvidos usando
solvente organico

N&o requer
equipamentos

N&o requer
equipamentos

N&o requer
equipamentos

Necessidade de
Centrifuga

Construcéo de
biorreatores
especiais que
facilitem a
recuperacao da

espuma durante a

fermentacao

Unidades de

ultrafiltracdo com

membrana

polimérica porosa

Resina de
poliestireno
empacotada em
colunas de vidro

Baixo custo; eficiente na
recuperacéao do
surfactante bruto

Eficiente na recuperacao
do surfactante bruto e
na purificagédo parcial;

natureza reutilizavel

Efetiva no isolamento de
determinados tipos de
biossurfact. Poliméricos

Reutilizavel; efetiva na
recuperacéao do
surfactante bruto

Utilizado em processos
continuos de
recuperacéo; alta pureza
do produto

Répido; recuperacdo em
apenas uma etapa; alto
grau de pureza

Rapido; recuperacdo em
apenas uma etapa; alto
grau de pureza,
reutilizavel



Adsorcao em
carbono ativo

Biossurfactante sao
adsorvidos em carvao
ativo e podem ser

Nao requer
equipamentos;
pode ser
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Pureza elevada do
biossurfact.; baixo custo;
reutilizével; recuperacao

em cultura continua

adicionado ao
meio de cultivo;
também pode ser
empregado em
colunas de vidro

desorvidos usando
solvente organico

Biossurfactantes
carregados se ligam a
resinas trocadoras de

ions e podem ser

Cromatografia
de troca ibnica Resinas
trocadoras de

ions empregadas

produto

eluidos com um em colunas
tampao especifico
Extrac&o por Biossurfactantes sé&o Menos toxico do que 0s
solvente (com sollveis em solventes N&o requer solventes

MTBE) organicos devido a
presenca de cadeia

hidrofébica

equipamentos
custo

Alta pureza, reutilizacao,
rapida recuperacao do

convencionais; baixo

Fonte: MUKHERJEE et al. (2006)

No processo de recuperacdo de multiplas etapas dos biossurfactantes, sera
possivel obter o produto a qualquer grau de pureza desejado. Biossurfactantes
brutos ou impuros obtidos nas fases iniciais do processo de recuperacdo podem
ser utilizados em aplicagbes ambientais e também na recuperacdo de petréleo e
nas indastrias de tintas e téxtil e obtidas a custos mais baixos (MARCHANT;
BANAT, 2012). Em alternativa, os biossurfactantes de elevado grau de pureza
exigido pelas industrias farmacéutica, alimenticia e cosmética podem ser obtidos
por meio de novos estagios de purificacdo. Este tipo de recuperacdo de fases
multiplas devera ser util nas indastrias que produzem biossurfactantes para uma

vasta gama de aplicacdes (SANTOS et al., 2016a).

3.5.7. Aspectos econdmicos da producdao de biossurfactantes

Nos processos biotecnolégicos a economia € sempre um fator importante,
especialmente nos casos de producao de biossurfactantes. O sucesso da producao
de biossurfactantes depende do desenvolvimento de processos de baixo custo e
da utilizagdo de substratos mais baratos, que representam de 10 a 30 % do custo
total de producéo. Os biossurfactantes tém que competir com o0s surfactantes
petroquimicos considerando trés aspectos: custo, funcionalidade e capacidade de
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producdo junto a necessidade de aplicacdo pretendida (BANAT et al., 2010;
COIMBRA et al., 2009; RUFINO et al., 2008; MUTHUSAMY, 2008).

Embora os biossurfactantes tenham demonstrado alguns tracos superiores
sobre os surfactantes quimicos, as aplicacdes industriais generalizadas séo
bastante limitadas, principalmente devido a competitividade dos custos. Os
surfactantes quimicos ainda sdo comparativamente mais baratos do que os
biossurfactantes. A produgé&o industrial em grande escala de biossurfactantes ainda
€ um desafio, principalmente por causa de problemas associados a ampliacdo
(processo e substratos), downstream (GEETHA; BANAT; JOSHI, 2018).

Pattanath et al. (2008), sugerem quatro fatores para a reducédo dos custos
dos biossurfactantes. Os micro-organismos (selecionados, adaptados ou criados
para producao em larga escala), o processo (selecionado, adaptado ou criado para
garantir baixo custo operacional), 0 meio de cultura (adaptado para baixo custo) e
0 processamento de produtos reciclados (minimos ou gerenciados para venda mais
do que para a queda).

A producado de biossurfactante é afetada por varios fatores que dependem
do isolamento, do meio (fonte de carbono, nitrogénio e salinidade) e condi¢cGes
operacionais (pH, temperatura e velocidade de agitacdo). Esses fatores influenciam
a gquantidade e o tipo de biossurfactante produzido (FADHILE ALMANSOORY et
al., 2017).

Vérias alternativas mais baratas sdo relatadas para a producdo de
biossurfactantes, tais como: o uso do melagco e milhocina que sédo desperdicados
pelas industrias de laticinios e de 0leos vegetais, 6leos de fritura e residuos da
agricultura e lignocelulésicos. A escolha do substrato mais barato depende da sua
facil disponibilidade e pode variar muito de pais para pais, como o melaco da cana
sera mais barato nos paises que tém uma producdo excedente do acglcar, em
comparacao com outras partes do mundo. Otimizacgéo adicional do meio de cultura,
condicbes de crescimento, parametros de processo, processos downstream,
usando modelos estatisticos e processos de separacdo-purificacdo econdmicos
para maximizar a recuperagdo, também podem aumentar significativamente o
rendimento e reduzir o custo total (GEETHA; BANAT; JOSHI, 2018).

A producéao de biossurfactantes a um baixo custo é dificultada quando se faz
necessario uma refinagdo extensiva. Para o desenvolvimento de processos deve-

se usar biossurfactantes capazes de serem recuperados por técnicas simples e
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baratas. O processo mais comum de recuperacdo dos biossurfactantes € a
extracdo com solventes (cloroférmio-metanol, diclorometano-metanol, butanol,
acetato de etila, pentano, hexano e acido acético, entre outros). Todavia, tem sido
reportada técnicas de precipitacdo dos produtos como a precipitacao por sulfato de
amonia, centrifugacao por cristalizacdo, adsorcéo, fermentacéo fracionaria, etc.

Shah et al. (2016), descreveram meétodos praticos e econdmicos de
recuperagcdo de ramnolipideos produzidos por Pseudomonas aeruginosa. Esses
métodos incluem a precipitacdo acida, precipitacdo com sulfato de amoénio,
precipitacdo com sulfato de zinco e extracdo com solventes. Dentre os quais, a
extracdo com solvente organico foi a melhor técnica de recuperacdo, com
rendimento de 7,5g/L de biossurfactante, enquanto a precipitacdo acida obteve
3,5g/L. Varios processos de recuperacao de biossurfactantes estdo demonstrados
na Tabela 4 (MAKKAR; CAMEOTRA; BANAT, 2011)



Tabela 4. Processos de recuperacao de biossurfactante
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Processo

Recuperacédo de biossurfactante

Precipitagao do sulfato de amonia

Precipitagéo de acetona

Precipitacédo de acido

Extracdo de solvente

Cristalizacao
Centrifugacéao

Adsorgéo

Fermentacao Fracionada
Filtragao de fluxo tangencial
Precipitacédo

Ultrafiltracéo

Emulsan
Biodispersan
Bioemulsifier

Bioemulsificantes

Glicolipidios

Surfactin
Trealoselipidios

Sophorolipidios
Liposan
Celobiolipidios

Glicolipidios

Glicolipidios
Ramnolipidios

Lipopeptideos
Glicolipidios

Surfactin

Biossurfactante misto

Glicolipidios
Glicolipidios

Fonte: MAKKAR; CAMEOTRA; BANAT (2011)
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ARTICLE INFO ABSTRACT

‘The need to remediate areas contaminated by petroleum products has led to the development of novel tech-
nologies for treating such contaminants in a non-conventional manner, that is, without the use of chemical or
physical methods. Biosurfactants are amphipathic biomolecules produced by microorganisms that can be used in
bioremediation processes in environments contaminated by petroleum products due to their excellent ten-
sioactive properties. The aim of the present study was to produce a biosurfactant from Pseudomonas aeruginosa
UCP 0992 cultivated in 0.5% corn steep liquor and 4.0% vegetable oil residue in a 1.2-L bioreactor employing a
central composite rotatable design to optimize the cultivation conditions for maximum yield. The best results
were achieved with aeration rate of 1.0 vvm and 3.0% inoculum at 225 rpm for 120 h, resulting in a surface
tension of 26.5 mN/m and a biosurfactant yield of 26 g/L. Kinetic and static assays were then performed with the
biosurfactant for the removal of motor oil adsorbed to sand, with removal rates around 90% and 80%, re-
spectively, after 24 h. Oil degradation experiments with the bacterium and the combination of the bacterium and
biosurfactant. were also conducted to simulate the bioremediation process in sand and seawater samples
(duration: 75 and 30 days, respectively). In both cases, oil degradation rates were higher than 90% in the
presence of the biosurfactant and the producing specices, indicating the potential of the biomolecule as an ad-
juvant in petroleum decontamination processes in the marine environment.
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Biodegradation
Petroleum
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1. Introduction large volume of petroleum affects the majority of populations of native

organisms. Although the government and non-governmental organiza-

Petroleum is onc of the most important resources of the modern
industrial world. However, the extraction, transport, storage and use of
petroleum pose a constant risk of an oil spill, which is a serious threat to
the environment [1,2]. In recent years, petroleum leaks and spills have
occurred with greater frequency, such as the leaking of four million
barrels in the Gulf of Mexico in 2010 and approximately 140 thousand
liters of oil in Campos Bay in the state of Rio de Janeiro, Brazil, in 2011
[31.

Like other large-scale industrial processes, oil refineries are poten-
tial sources of environmental pollution. A report from a mixed com-
mission to analyze the accidents at Petrobris/Repar (CREA-PR) cites 33
accidents involving the spilling of petrolecum and petroleum products in
Brazil between 1975 and 2001, totaling millions of liters of con-
taminants in soil, rivers and the occan [4,5]. The sudden exposure of a

tions have initiated necessary measures to safeguard lives, the impact of
these spills is still felt today [2]. The release of hydrocarbons into the
environment - either accidentally or due to human activities — is one of
the main causes of water and soil pollution and has disastrous con-
sequences for ecosystems [6].

The trecatment of arcas contaminated by hydrocarbons, especially
the ocean, has been performed using physical containment methods and
the mechanical removal of contaminants [7,8|. Chemical methods in-
volving the application of chemical dispersants, such as Corexit, which
was used on the leak in the Gulf of Mexico, have also been largely
employed. However, besides being inefficient, depending on the type of
dispersants used, these methods can constitute another source of con-
tamination in the form of the accumulation of other toxic compounds in
the environment [9,10].
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The need to remediate contaminated areas has led to the develop-
ment of novel technologies for the detoxification of these contaminants
in a non-conventional manner, that is, without the use of chemical or
physical methods. One of these novel technologies is known as bior-
emediation, which involves the use of microorganisms or microbial
metabolites to degrade pollutants [3,8]. Although bioremediation is
cffective and environmentally compatible, the time and costs necessary
for the treatment of a large quantity of contaminant make this process
unviable. Thus, surfactant compounds can be used to increase the so-
lubility of oil and make bioremediation viable [12].

Recent studies have demonstrated that microbial surfactants, which
are metabolites produced by bacteria and yeasts, have the ability to
solubilize and mobilize organic compounds adsorbed to soil [13]. Some
synthetic surfactants, such as Triton X-100 and Tween 80, also have the
ability to increase the concentration of non-polar compounds in the
aqucous phase [13,14]. However, synthetic surfactants largely used in
oil spills, as Corexit, are associated with toxic effects and resistance to
biodegradation [7,12]. Compared to their synthetic counterparts, bio-
surfactants generally exhibit strong environmental compatibility,
greater surface activity, low toxicity and high biodegradability [5].
Therefore, biosurfactants are strong candidates for use in the bior-
emediation of contaminated soil and aquatic environments [17], along
with being produced by renewable sources, such as microbial fermen-
tation, which is a chemical advantage over their synthetic counterparts.

The first studies on biosurfactants emerged in the 1980s and re-
search has since has led to the development and commercialization of
two products: Surfactin, which is a lipoprotein produced by the bac-
terium Bacillus subtilis [18], and rhamnolipids [19,20], which are a
group of glycolipids produced by the bacterium Pseudomonas aerugi-
nosa. Although extremely efficient, these two biosurfactants are sold at
a high price due to the substrates used for production and the level of
purity required for pharmaceutical and medical applications [16-18].
Although the bacterium Pseudomonas aeruginosa is considered an op-
portunistic pathogen, its biosurfactants are especially capable of redu-
cing the surface tension of liquids to 29 mN/m and can be produced
from various soluble and insoluble substrates and have been success-
fully used in remediation processes, especially after evaluation of
toxicity that ensures the safety of these biomolecules [5].

One of the great advantages of using biosurfactants is the possibility
of producing these natural compounds from different substrates, espe-
cially renewable sources, such as vegetable oil, distillery and milk
product residues. The choice of low-cost substrates is important to the
overall economy of the process, as substrates represent 50% of the final
cost of the product. Indeed, successful biosurfactant production de-
pends on the choice of renewable substrates that lead to high pro-
ductivity and quality for specific biosurfactants [24]. The petroleum
and petrochemical industries stand out as the largest fields for bio-
surfactant application, as such industries use these compounds in their
crude form, that is, without the need for purification, which leads to an
accentuated reduction in the cost of using a biotechnological agent [1].

Response surface methodology (RSM) has been effectively em-
ployed to reduce the biosurfactants production cost through the ba-
lanced proportions selection of the culture medium constituents and the
culture conditions optimization. RSM constitutes a statistical techni-
ques collection for designing experiments, building models, simulta-
neously evaluating the factors effects and establishing optimum con-
ditions. A central composite rotational design (CCRD) is used with RSM
to examine the relationship between one or more response variables
and set of quantitative experimental factors [25].

The aim of the present study was to optimize the production of a
biosurfactant by the bacterium Pseudomonas aeruginosa UCP 0992 cul-
tivated in a low-cost culture medium in a biorcactor using a CCRD. The
capacity of the biosurfactant as a bioremediation agent in decontami-
nation processes of marine environments polluted with petroleum
products was also evaluated.
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2. Materials and methods
2.1. Microorganism

The bacterium P. aeruginosa UCP 0992, which belongs to the Culture
Bank of the Environmental Science Research Center of the Universidade
Catdlica de Pernambuco, was used as the biosurfactant-producing mi-
croorganism. This bacterium was previously isolated from a port area
contaminated with complex hydrocarbons stemming from nautical ac-
tivities in the city of Recife, Brazil and further submitted to biochemical
and molecular identification. The strain was sub-cultured every 30 days
and kept in slanted test tubes with solid nutrient agar under re-
frigeration (5°C).

2.2. Maintenance, inoculum growth and biosurfactant production media

A nutrient agar medium with the following composition was used
for the maintenance of the bacterium: meat extract (5.0 g), peptone
(10.0 8), NaCl (5.0 g), agar (5.0 g) and distilled water (1000.0 ml). The
constituents were solubilized and sterilized in an autoclave at 121 "C for
20 min. Nutritive broth, which has the same composition as nutrient
agar, but without the agar, was used for the growth of the inoculum.
The production medium was composed of distilled water containing
0.5% corn steep liquor and 4% residue from a vegetable oil refinery
[20,21].

2.3. Preparation of inoculum

Cultures of the 24-h growing bacterium obtained from cultivation in
the nutrient agar medium were transferred to Erlenmeyer flasks con-
taining 50 mL of nutritive broth. The flasks were submitted to orbital
shaking at 200 rpm for 24 h at 28 °C until achieving an optical density
of 0.7 (corresponding to an inoculum of 107 colony-forming units
[CFUs)/mL] at 600 nm). This reading was made with the inoculum at a
concentration of 1% (v/v).

2.4. Optimization of biosurfactant production using CCRD

Biosurfactant production was performed in a 2-L bioreactor (Tec-
Bio-Plus, Tecnal Ltda., Brazil) with a working volume of 1.2L in batch
mode with controlled pH (7.0 = 0.2) and temperature (28 °C). The
culture medium was inoculated with a 24-h inoculum and the fer-
mentation conditions conformed a CCRD for the optimization of the
production. The agitation velocity, cultivation time, aeration rate and
inoculum size were the independent variables and the yield of the
isolated biosurfactant was the response variable. A set of 26 experi-
ments was performed with two repetitions at the central point. Table 1
displays the range and levels of the independent variables. Each vari-
able was studied on five levels (- 2.0, — 1.0, 0, + 1.0 and +2.0), which
were based on results obtained during preliminary experiments. The
optimum values of the CCRD were determined by solving the regression
cquation and analyzing the response surface contours. Analysis of
variance (ANOVA) with 95% confidence intervals was used to de-
termine the significance of the effects. ANOVA, the determination of the

Table 1
Experimental range and levels of independent variables for biosurfactant pro-
duction.

Variables Range and levels

-2.0 -1.0 0.0 +1.0 +2.0
Inoculum size (%). X; 1.0 2.0 3.0 4.0 5.0
Cultivation time (hours), X2 72 84 96 108 120
Aeration rate (vvm), Xz 0.0 0.5 1.0 1.5 2.0
Agitation (rpm), X 175 200 225 250 275
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regression coefficients and the construction of the graphs were per-
formed with the aid of the Statistica® program, version 12.0. At the end
of the culture, the samples were centrifuged and filtered for the de-
termination of the biosurfactant yield, which was used as the criterion
for the selection of the best production conditions.

2.5. Determination of surface tension and critical micelle concentration
(CMC)

Surface tension in the cell-free broth, obtained obtained by cen-
trifuging cultures at 5 000 g for 20 min, was measured in an automatic
tensiometer (KSV Sigma 700, Finland) using the NUOY ring. The ring
was immersed in the broth and the force required to pull it through the
air-liquid interface was recorded. For determination of the CMC, the
surface tension of dilutions of isolated biosurfactant in distilled water
was mcasured until reaching to a constant value (standard deviation
less than 0.4 mN/m during 10 successive measurements). The CMC was
obtained by plotting surface tension against surfactant concentration
and expressed as g/L of biosurfactant.

2.6. Isolation of biosurfactant

The biosurfactant produced by the bacterium P. aeruginosa was
isolated. For such, the pH of the cell-free broth was adjusted to 2 with a
solution of 6 M of HCL. The same volume of chloroform/methanol (2:1)
was added to the broth. The mixture was shaken vigorously for 15 min
and left to rest until the separation of the phases. The organic phase was
removed and the operation was repeated two more times. The product
was concentrated from the organic phases using a rotary evaporator at
45 °C until reaching a constant weight. The material obtained at the end
of this procedure was checked for biosurfactant activity and the yield of
the isolated biosurfactant was expressed as g/L [28].

2.7. Hydrophobic compound dispersion test in seawater

‘Ihe oil dispersion capacity was simulated in the laboratory with the
contamination of samples of seawater with motor oil. The seawater
samples were collected from the proximities of the catchment system of
the Pernambuco Thermoelectric Energy Generating System
(I'ERMOPE). Motor oil was placed on the surface of 40 mL of seawater
in a Petri dish measuring 15 ¢m in diameter, followed by the placement
of the cell-free broth resulting from the best fermentative conditions
selected in the CCRD/RSM (crude biosurfactant), containing 26 g/L of
biosurfactant, on the layer of oil at biosurfactant/oil proportions of 1:2,
1:8 and 1:25 (v/v). The effect of different temperatures (5 °C, 70 °C and
120 °C), NaCl concentrations (2.0, 5.0 and 8.0%), plls values (4.0, 8.0
and 10.0) and heating times to 90 °C (20, 40 and 60 min) on the dis-
persion power of the biosurfactant were evaluated. The results were
observed visually and the mean diameter of the dispersion zone was
measured in triplicate and expressed as a percentage value in relation to
the diameter of the Petri dish [29].

2.8. Removal of petroleum product adsorbed to sand by biosurfactant —
kinetic assay

The removal of the contaminant was performed according to the
methods described by Luna et al. [30] and Lai et al. [31]. Standard sand
for NBR 7214 cement (ABNT, 1982) was used in the experiments. Fifty
g of standard sand contaminated with 10% motor oil were transferred
to 250-mL Erlenmeyer flasks, to which 100 mL of the isolated bio-
surfactant solution was added at a concentration lower than the critical
micelle concentration (1/2 CMC, i.c., 0.3 g/L) as well as at the CMC
(0.6 g/L) and twice the CMC (1.2 g/L). The same quantity (100 mL) of
the cell-free broth (crude biosurfactant), with 26 g/L of biosurfactant,
was also tested and a flask with contaminated sand and 100 mL of water
(without the addition of the biosurfactant) was used as the control. The
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flasks were shaken at 150 rpm for 5, 10 and 20 min as well as after 24 h
at 28 °C. The treated sand and washing solution were then separated for
analysis.

2.9. Removal of petroleum product adsorbed to sand by biosurfactant in
packed columns — static assay

Glass columns (55 x 6 cm) were filled with 200 g of standard sand
contaminated with 10% of the hydrophobic contaminant and the sur-
face was then flooded with 200 mL of the cell-free broth (crude bio-
surfactant). A column with sand and 200 mL of water (without the
biosurfactant) was used as the control. The percolation of the surfactant
solutions was monitored for 24 h. At the end of cach washing, the re-
moved liquid was set to rest in Erlenmeyer flasks for five minutes [32].

2.10. Analysis of petroleum product removed from sand

The initial and final quantities of the hydrophobic contaminant
were determined in the treated sand. One hundred mL of n-hexane was
added to the sand and placed in a shaker at 200 rpm for two hours. The
final extract of hexane and oil was placed in a hothouse at 68-70°C.
The removal efficiency was evaluated by gravimetric analysis after
washing the sand containing the remaining contaminant with hexane.
The percentage of degradation was calculated as follows: % of de-
gradation (amount of degraded oil/amount of oil added to the
medium) x 100 [33].

2.11. Bioremediation experiments of petroleum product adsorbed to sand

Ten-gram samples of sand contaminated with motor oil were added
to 100 mL of potable water and the mixture was enriched with 1 mL of
sugarcane molasses donated by a local sugar processing plant. The
mixture was submitted to free flowing steam sterilization and con-
stituted the control condition. Next, solutions of the isolated bio-
surfactant at the CMC (0.6 g/L) and twice the CMC (1.2 g/L) and 15% of
the producing microbial specie (15% of inoculum containing 107 CFUs/
mL [optical density of 0.7 at 600 nm]) previously cultivated in its re-
spective inoculum preparation medium (nutritive broth) were added.
One of the mixtures consisted only of sand contaminated with oil and
the microorganism inoculum. All mixtures were incubated at 28 °C at
150 rpm for 75 days. At 15-day intervals (Days 15, 30, 45 and 60), 1%
molasses was added to the mixtures. Samples were withdrawn at 15-
day intervals (15, 30, 45, 60 and 75 days — total of five samples) for
analysis of the petroleum product. The percentage of oil degradation
was calculated as the concentration of oil removed, determined by
gravimetric analysis [34].

2.12. Bioremediation experiments of petroleum product spilled in seawater

The motor oil biodegradation experiments were performed in 250-
mL Erlenmeyer flasks containing 50 mL of seawater collected from the
Suape Port (state of Pernambuco, Brazil) and 1% motor oil (control
condition). The medium was sterilized and inoculated with 5% in-
oculum (5% of inoculum containing 107 CFUs/mL [optical density of
0.7 at 600 nm|) of the biosurfactant-producing bacterium. The experi-
ments were conducted under three different conditions, one of which
consisted of scawater + motor oil + P. aeruginosa UCP 0992; the
second was composed by seawater + motor oil + P. aeruginosa UCP
0992 + biosurfactant at CMC (0.6 g/L); and the third consisted of
seawater + motor oil + P. aeruginosa UCP 0992 + biosurfactant at
twice the CMC (1.2 g/L). The flasks were incubated in a shaker at
150 rpm for 30 days. Samples were removed every ten days (total: three
samples).
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Table 2
Central composite design matrix and experimental values of observed factors
for biosurfactant production in bioreactor.
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Table 3

Analysis of variance (ANOVA) for response surface quadratic model regarding
biosurfactant yield achieved with biosurfactant produced by P.aeruginosa
ucP0992.*

Run Inoculum Cultivation Aeration Agilation Biosurfactant
size (%), X;  time (hours),  rate (vvm),  (rpm), X4 yield (g/1), Y Factor Sum of squares  Degrees of ~ Mean square  F-ratio p-value”
Xz Xz freedom
1 -1.0 -1.0 =10 =10 3.788 X, (L) 132.9070 1 132.9069 295348.6  0.001171
2 -10 -1.0 -10 1.0 10.65 X, (@) 43.9920 1 43.9916 97759.2  0.002036
3 -1.0 -1.0 1.0 -1.0 11.85 Xz (L) 424.6380 1 4246378 943639.5  0.000655
4 -1.0 -1.0 1.0 1.0 12.88 X2 (Q) 159.0150 1 159.0146 353365.7 0.001071
5 -1.0 1.0 -1.0 =10 8.33 X5 (L) 62.1330 1 62.1331 138073.7 0.001713
6 -1.0 1.0 -1.0 1.0 17.42 X3 Q) 43.5840 1 43.5839 96853 0.002046
7 -1.0 1.0 1.0 -10 16.67 X, (L) 101.9370 i 101.9371 226526.8 0.001338
8 -1.0 1.0 1.0 1.0 18.76 X, (Q 201.1590 1 201.1593 447020.7 0.000952
9 1.0 -1.0 -10 -1.0 8.09 X, (IL)x X, 10.4680 1 10.4685 23263.2  0.004174
10 10 -1.0 -1.0 1.0 16.86 (w
1 1.0 -1.0 1.0 =10 18.39 X, (L) x Xy 127230 i) 12.7235 28274.4  0.003786
12 1.0 -1.0 1.0 1.0 12.50 (L)
1310 1.0 -1.0 -1.0 2017 X; (L)X Xs 57840 1 5.7840 128534  0.005615
14 10 1.0 -1.0 1.0 25.35 w
15 1.0 1.0 1.0 -1.0 21.94 X, (L) xX; 2.8850 1 2.8849 6410.9 0.007951
16 1.0 1.0 1.0 1.0 23.34 (1)
17 -20 0.0 0.0 0.0 1818 X (L) xXs 3.0570 1 3.0573 6793.9  0.007723
18 20 0.0 0.0 0.0 23.28 w
19 00 -2.0 0.0 0.0 4.02 X; (1) x Xy 61.1210 1 61.1211 135824.7 0.001727
20 00 2.0 0.0 0.0 26.00 w
21 00 0.0 =20 0.0 17.52 Lack of Fit ~ 79.2340 10 7.9234 17607.5  0.005865
22 00 0.0 2.0 0.0 24.00 Pure Error  0.0000 1 0.0004
23 00 0.0 0.0 =20 8.27 Total 1152.8810 25
24 0.0 0.0 0.0 2.0 18.74 square
25 0.0 0.0 0.0 0.0 25.72 sum
26 0.0 0.0 0.0 0.0 25.69
* R? = (.93127; adjusted R* = 0.8438.
® p < 0.05 - significant at 5% level.
2.13. Calculation of removal efficiency of petroleumn product from seawater © (L) = lincar cffect.

'The degraded oil was quantified in the samples and control medium
after extraction with the same volume n-hexane, as described in Section
2.10.

2.14. Statistical analyses

Measurements were determined in triplicate experiments. Microsoft
Office Excel 2007 was used for the calculation of mean and standard
error values. Tukey’s test was used to determine significant differences
(@ < 0.05).

3. Results and discussion
3.1. Optimization of biosurfactant production using CCRD/RSM

‘lable 2 displays the results corresponding to the CCRD matrix. The
multiple regression analysis using the response surface methodology
(RSM) was performed to adjust the response function to the experi-
mental data and investigate the simultaneous influence of the four
variables sclected. The best conditions for biosurfactant production
were found in Run 20.

The RSM to estimate the optimal variables resulted in an empirical
relationship between the variables of the process and biosurfactant
yield. The following quadratic polynomial equation best fit the data:

Y = 25.705 + 2.35325X; — 4.20633X, + 1.609X5 + 2.06092X,
+ 0.80887X,X; — 0.89175X,X;3 — 0.60125X, X, — 0.424625X

2X3 + 0.437125X:X4 — 1.9545X3Xs — 1.58756X,% — 3.01831X,>
- 1.58018X;> — 3.39481X,>

in which Y is biosurfactant yicld (g/L) and X, X, X3 and X, are the
coded values for the inoculum size, cultivation time, aeration rate and
agitation, respectively.

The evaluation of the empirical model was performed using ANOVA
(Table 3). The p and F (with 95% confidence interval) values indicate
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4 (Q) = quadratic effect.

that all terms were statistically significant (p < 0.05, F > 4). The re-
producibility of the experimental data was demonstrated by the ex-
tremely low pure error (0.0000). Cultivation time was the most im-
portant factor to the increase in biosurfactant yield, followed by the
quadratic term of the agitation variable. The correlation coefficient
(R? = 0.93127) indicates that only 6.873% of the total variation in the
data can be explained by the empirical model. Thus, the regression
model is adequate for describing the production of biosurfactant by P.
aeruginosa UCP0992,

Fig. 1 shows the three-dimensional plots. Biosurfactant yield in-
creased with the increase in the cultivation time and inoculum size
(Fig. 1A). The elliptical nature of the contour graph indicates a high
degree of interaction among the factors, i.c., it is not possible to predict
the biosurfactant yield by variating only one of these factors. The
combination of acration rate slightly above the central point and the
increase in inoculum size (Fig. 1B) raised the biosurfactant yield and
the curves indicate a moderate interaction. Agitation slightly above the
mid-level and an increase in inoculum led to an increase in biosurfac-
tant yield (Fig. 1C) and the curves indicate a high degree of interaction.
Fig. 1D shows that biosurfactant yield increased when the aeration rate
and cultivation time were increased, tending toward maximum levels.
However, the curves demonstrate considerable parallelism betwecen the
factors and, consequently, a weak interaction. Thus, it is possible to
make predictions regarding biosurfactant yield from variations in the
values of only one of these factors. A similar effect was found with
regard to the relationship between agitation and cultivation time
(Fig. 1E): the curves indicate a high degree of parallelism and a very
weak interaction between these factors. Fig. 1F shows that the combi-
nation of agitation and aeration rate a little above the mid-level in-
creased the biosurfactant yield under the conditions tested. The
bending curves indicate a high degree of interaction between these
factors.

The best results were achieved using a 3% inoculum, 120-h
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Fig. 1. Response surface plots and contour plots for maximum biosurfactants yield generated using data in Table 2. Inputs, 26 experimental runs carried out under
conditions established by CCRD; biosurfactant yield as function of (A) time cultivation and inoculum size; (B) aeration rate and inoculum size; (C) agitation and
inoculum size; (D) aeration rate and inoculum size; (E) agitation and time cultivation; (F) agitation and aeration rate.

cultivation time, aeration rate of 1 vvm and agitation of 225rpm,
leading to a biosurfactant yield of 26 g/L and corresponding to a re-
duction in the surface tension of the medium from 55.55mN/m to
26.54 mN/m. The high yield under this condition may be related to
better control of the aeration rate and agitation, optimized using CCRD/
RSM, as well as the fact that the fermentation process was conducted in
a bioreactor, which is a completely closed system with a continuous
oxygen supply, favoring cell growth and greater biosurfactant yield
[29,30]. The results are comparable to those described by Lima et al.
[36], who used a strain of Pseudomonas aeruginosa PACL to investigate
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the efficiency of biosurfactant production when growing the bacterium
in a medium supplemented with 22.0 g/L of soybean oil residue and
applying a complete factorial experimental design with the aim of op-
timizing the aeration rate and agitation velocity; at optimum levels
(aeration rate of 0.5 vvm and agitation at 550 rpm), the biosurfactant
concentration was 3.3g/L and the minimum surface tension was
26.0 dynes/cm.

Oluwaseum et al. [37] found that biosurfactant production by P.
aeruginosa C1501 cultivated in a medium containing 3% glycerol as the
carbon source led to a reduction in surface tension from 61.2 to



E.J. Silva et al.

Dispersion index (%)

® O o o
;}?‘Q% 9"
3

& &
®

&

&* &

N
@

& T o
&

ol
&

il ratio 1:8 [

< OO G
& o & o
g

[N Biosurfactantoil ratio 1:2 [

ratio 1:25

75

Colloids and Surfaces B: Biointerfaces 172 (2018) 127-135

Motor oil removal (%)

10

15
Time (min)

[ Control

Cell-free broth [ 1/2 CMC [——]CMC ]2 CMC

Fig. 2. Motor oil dispersion in sca water (a) and motor oil adsorbed to sand removal (b) by the biosurfactant from P. aeruginosa UCP 0992 cultivated in distilled water
supplemented with 4% vegetable oil residue and 0.5% corn steep liquor. Frror bars illustrate experimental errors (standard deviations), calculated from three

independent experiments.

30 dynes/cm and a yield of 1300 mg dm ~*. Zhao et al. [38] found that
a biosurfactant produced by P. aeruginosa DQ3 cultivated in a bior-
eactor with a medium containing 46.5% glycerol led to a surface ten-
sion of 33.8 mN/m. Aparna et al. [19] found that a biosurfactant pro-
duced by Pseudomonas sp 2B cultivated in a medium containing 1%
molasses led to a surface tension of 30.14 mN/m and a yield of 4.97 g/L.
Silva et al. [39] found that a biosurfactant produced by P. aeruginosa
cultivated in a medium containing 3% glycerol led to a swrface tension
of 27.6 mN/m and a yield of 6.5 g/L. Thus, the majority of studies in-
volving the bacterium Pseudomonas aeruginosa present satisfactory re-
sults with regard to biosurfactant production and the reduction in
surface tension. The yield in the present study, which was optimized
using CCRD/RSM, was comparatively much higher.

Regarding the CMC, the isolated biosurfactant led to a reduction in
the surface tension of water from 70 to 26 mN/m, which was achieved
at a concentration of 0.6 g/L, with no further reduction occurring
thereafter.

3.2. Hydrophobic compound dispersion test in seawater

Many processes in the petroleum industry are performed in the
marine environment and part of the oil generated during these pro-
cesses is occasionally spilled into the sea, requiring substances with
surfactant properties used in conjunction with other containment
measures. Dispersion is a process by which a hydrocarbon is dispersed
in the aqueous phase in the form of emulsions. The dispersion of oil in
small droplets increases the surface area, which stimulates biode-
gradation by autochthonous microorganisms [1,35].

Fig. 2a displays the results of dispersion of motor oil by the bio-
surfactant from P. aeruginosa at different proportions (crude surfactant
to oil: 1:2, 1:8 and 1:25 vol/vol) in seawater samples with variations in
pll, temperature, NaCl concentration and heating time. The biosurfac-
tant demonstrated better dispersion capacity at pH 8, reaching a nearly
100% dispersion index. This is a positive point for the application of
this product in bioremediation process in the marine environment, as
seawater has the same pH. On the other hand, the biosurfactant was
very sensitive to high concentrations of salt, but quite resistant to the
different thermal treatments, tending toward dispersion greater than
70%. The best dispersion results were achieved at a biosurfactant-to-oil
proportion of 1:25 (v/v) for all conditions tested. Luna et al. [41] found
that a biosurfactant produced by Candida bombicola demonstrated high
motor oil dispersion activity, with a dispersion index of 80% relative to
the diameter of the oil slick. In another study, a biosurfactant produced
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by Candida tropicalis demonstrated up to a 75% dispersion index of
motor oil in seawater [25]. Therefore, the present results demonstrate
the potential of the biosurfactant from P. aeruginosa with regard to the
mobilization and solubilization of oil slicks in the marine environment.

3.3. Removal of petroleum product adsorbed to sand — kinetic assay

The low availability of hydrocarbons (low solubility in water, high
fixation to the soil matrix and little transference of adsorbed pollutants
from the solid to the aqueous phase) is one of the limiting factors in the
bioremediation of contaminated soil. The use of surfactants is a way to
increase the availability of hydrocarbons through microbial action [32].

Two mechanisms control the removal of hydrophobic contaminants
from soil through surfactant agents. The first occurs below the CMC, in
which surfactant monomers increase the angle of contract between the
soil and hydrophobic contaminant, cnabling the scparation of the
contaminant from the soil particles and consequent displacement of the
oil. The second mechanism is known as solubilization and occurs above
the CMC, in which the contaminant is partitioned in the center of the
surfactant micelles [37,38]. In the present study, hydrophobic pollutant
removal assays were performed in flasks (kinetic removal} and packed
columns (static removal) to determine the effectiveness of the bio-
surfactant produced by Pseudomonas aeruginosa UCP0992. Both assays
were performed with the cell-free broth (crude biosurfactant).

Fig. 2b displays the results of the kinetic assay of the removal of oil
adsorbed to soil. The best results were achieved with the cell-free both,
with removal rates ranging from 80 to 100%. Moreover, the bio-
surfactant remained effective when used at a concentration of % the
CMC, with removal rates ranging from 45 to 65% throughout the ex-
periment. The assays using the biosurfactant at the CMC and 2 x the
CMC demonstrated better removal rates.

Using a biosurfactant produced by P. cepacia, Soares da Silva et al.
[28] found removal rates higher than 70%, with maximum removal of
96% achieved using the isolated biosurfactant at 2 X the CMC. Other
isolated biosurfactants produced by strains of P. aeruginosa led to crude
oil removal rates of 49-54% at room temperature, 52-57% at 70 "C and
58-62% at 90 °C [44].

3.4. Removal of petroleum product adsorbed to sand - static assay
The potential of the biosurfactant from P. aeruginosa UCP0992 with

regard to the removal of oil was estimated by measuring the quantity of
oil removed from sand in glass columns after flushing with the aqueous
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Fig. 3. Enhanced bioremediation by the biosurfactant from Pseudomonas aeruginosa UCP 0992. (a) Degradation of motor oil adsorbed to sand and (b) degradation of

motor oil in seawater. Data calculated from three independent experiments.

solution containing the biosurfactant. In this case, the biosurfactant was
used to simulate the oil removal power in a vertical section through
percolation and demonstrated satisfactory results. The broth (crude
biosurfactant) was capable of removing 79.55% of the motor oil in
1440 min. In contrast, the removal rate in the control experiment was
21.8%, which is likely related to gravitational action and the mechan-
ical action of flushing.

The literature describes other results from studies involving the use
of biosurfactants for the removal of hydrocarbons in compacted col-
umns. Biosurfactants produced by P. aeruginosa MTCC7815, MTCC7812
and MTCC8165 in a medium containing 2% glycerol removed 49 to
54% of crude oil contained in packed columns [44]. High concentra-
tions (2.5 and 5.0 g/L) of a biosurfactant isolated from P. aeruginosa
57SJ were required to remove 70% of pyrene adsorbed to soil (particle
size: 2mm) [45]. Bai et al. [46] found that an anionic rhamnolipid
isolated from P. aeruginosa was capable of removing 84% of hexadecane
adsorbed to sand with a particle size of 0.6-0.85 mm, whereas a 22%
removal rate was found for sand with a particle size of 0.3-0.42 mm.

Lai et al. [31] found an approximately 35% removal rate of oil using
a 0.2% Tween 80 solution. Jain et al. [47] investigated the potential of
two biosurfactants in removing oil in glass columns in comparison to
synthetic surfactants. Cameotra and Makkar [48] found that a bio-
surfactant isolated from P. aeruginosa was able to recover 56% of oil
adsorbed to sand in a column. Ibrahim et al. [49] report a biosurfactant
that achieved a 76% oil recovery rate in two hours in a column com-
pared to a 30% recovery rate in the control experiment in the same
period of time. Investigating a biosurfactant produced by Bacillus sp.
(MTCC 5514), Kavitha et al. [2] found removal rates higher than 70%
of oil adsorbed to standard sand and sandy soil, whereas the rates
achieved with synthetic surfactants were much lower. Fernandes et al.
[50] report a 69% residual oil recovery rate in a column using
600mg 1" of a biosurfactant produced by Bacillus subtilis RI 4114.

3.5. Bioremediation of petrolewm product adsorbed to sand

Tests for the determination of the potential of the biomolecule in
bioremediation processes were also performed. Fig. 3a displays the
degradation percentages of motor oil adsorbed to sand by the bio-
surfactants from P. aeruginosa UCP0992.

The degradation of motor oil was generally above 90%, with higher
percentages when the microorganism was used together with the bio-
surfactant in the bioremediation process, reaching necarly 100% re-
moval with the concentration at the CMC after 75 days. It should be
pointed out that the addition of molasses may have contributed to the
excellent removal rates.

Su et al. [51] found that the biodegradation of motor oil by P.
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aeruginosa SU-1 was accelerated from 55.9% to 64.4% after adding
yeast extract. Cerqueira ct al. [52] analyzed the biodegradation of ali-
phatic and aromatic hydrocarbons from an oily petrochemical sludge in
a liquid medium by a consortium of bacteria as well as five cultures of
pure bacteria; the consortium demonstrated an excellent degradation
capacity, reducing 90.7% of the aliphatic fraction and 51.8% of the
aromatic fraction of oily sludge.

The effects of the addition of the biosurfactant from P. cepaciaalone
and with cells of the bacteria on the biodegradation of hydrophobic
organic compounds adsorbed to soil were studied for 60 days. The re-
sults demonstrate the efficiency of the biosurfactant and its producing
species in degrading high percentage of the compounds adsorbed to soil
samples [9]. In a recent study, Pi et al. [53] cvaluated the biode-
gradation of oil by Pseudomona sp. LSH-7 and found that rhamnolipids
increase the bioremediation of petroleum hydrocarbons.

3.6. Bioremediation of petroleum product spilled in seawater

The effect of the biosurfactant on the biodegradation of motor oil
through the bioactivity of the bacterium P. aeruginosa UCP 0992 was
evaluated for 30 days (Fig. 3b). The results with the addition of the
biosurfactant were better than in the absence of the biosurfactant, likely
due to the greater stimulus, favoring microbial growth and the con-
sequent biodegradation of the motor oil. Morcover, the addition of the
biosurfactant at its CMC was more effective than at twice the CMC. The
increase in the bioavailability of contaminants, such as petroleum
products, can release toxic byproducts resulting from the microbial
metabolism of the oil constituents, thereby increasing the toxicity of the
environment [3,7]. Santos et al. [54] report similar results, as the au-
thors found that the presence of a biosurfactant from Candida lipolytica
favored the growth of autochthonous microorganisms in scawater at
concentrations of 2 the CMC, the CMC and twice the CMC during 30
days of cultivation. Rocha c Silva ct al. |55] found the same cffect on
the growth of autochthonous marine bacteria and fungi in the region of
the Suape Port (state of Pernambuco, Brazil). Thus, the biosurfactant
isolated from Pseudomonas aeruginosa promoted the accelerated growth
of these microorganisms throughout the 30 days of cultivation and
served as a solubilizing agent of the motor oil, thereby facilitating its
biodegradation.

4. Conclusions

In the present study, the production of a biosurfactant by
Pseudomonas aeruginosa UCP0992 cultivated in a low-cost medium in a
bioreactor using a CCRD favored the reduction in surface tension to
26.5mN/m and an increase in the biosurfactant yield to 26 g/L. The
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application of the biosurfactant in the removal of hydrophobic con-
taminants in soil under kinetic and static conditions showed removal
rates around 90% and 80%, respectively. Oil degradation experiments
in sand and seawater showed degradation rates higher than 90% in the
presence of the biosurfactant and the producing species, demonstrating
its potential as a low-costadjuvant in environmental applications. This
biosurfactant can also be used in the recovery of oil and cleaning of
storage tanks as well as for the bioremediation of contaminated soil and
seawater.
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Abstract

Fuel and lubricating oil leaks produce an oily wastewater that creates an
environmental problem for industries. Dissolved air flotation (DAF) has been
successfully employed for the separation of oily contaminants. Collectors constitute
an auxiliary tool in the DAF process that enhances the separation efficiency by
facilitating the adhesion of the contaminant particles. The use of biosurfactants as
collectors is a promising technology in flotation processes, as these biomolecules
are biodegradable and non-toxic. In the present study, a biosurfactant was produced
from the bacteria Pseudomonas aeruginosa UCP 0992 cultivated in 0.5% corn steep
liquor and 4.0% vegetable oil residue in a bioreactor at 200 rpm for 120 hours,
resulting in a surface tension of 26.5 mN/m and a yield of 26 g/L. The biosurfactant
demonstrated stability when exposed to different temperatures, heating times, pH
values and salt and was characterised as a glycolipid with a critical micelle
concentration of 600 mg/L. A central composite rotatable design was used to
evaluate the effect of the crude biosurfactant added to a laboratory DAF prototype
on the removal efficiency of motor oil. The isolated and formulated forms of the
biosurfactant were also tested in the prototype after the optimisation of the
operational conditions. The results demonstrated that all forms of the biosurfactant
increased the oil separation efficiency of the DAF process by 65 to 95%. In
conclusion, the use of biosurfactants is a promising alternative as an auxiliary tool
in flotation processes for the treatment of oily waters generated by industrial

activities.

Keywords Biosurfactant. Pseudomonas aeruginosa. Industrial residues. Dissolved

air flotation. Oily water. CCRD.
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1. Introduction
Drilling and petroleum extraction processes in the oil industry generates oily water,
the disposal or reuse of which is only permitted after the removal of the oil and
suspended solids to acceptable levels (Almeida et al. 2016). The reuse of effluents
from industrial processes has become increasingly commonplace due to the
economic and environmental appeal of this practice in the form of reduced
production costs and aggregated value to the company in terms of sustainability (Yu
and Han 2013; Rocha e Silva et al. 2015).

Gravitational separation is one of the main treatment methods for oily water and
is performed by sedimenters, centrifuges, hydrocyclones, etc. However, oil removal
levels only reach around 200 mg/L due mainly to the presence of emulsions, which
are difficult to remove by simple gravitational methods and require auxiliary
techniques, such as the addition of coagulants and surfactants (Rubio and Smith
2002; Yu and Han 2013). In this context, the flotation process has proven to be quite
efficient, with the capability of removing a larger amount of oil in comparison to other
methods (ALBUQUERQUE et al., 2012).

Flotation is a particle separation process based on adhesion to bubbles. The oil
particle-bubble union has less density than the aqueous medium and floats to the
surface of the flotation chamber, where the oil particles are removed (Bahadori et
al. 2013). Flotation was first used in mineral processing and has long been
employed in solid/liquid separation processes that involve the use of stable foams
to recover mineral particles (PENG et al., 2009). With the development of the
industrial sector, the application of the flotation process was improved, leading to
the emergence of dissolved air flotation (DAF), which involves the removal of a
solute through adsorption, co-precipitation or occlusion in a floc transporter and

subsequent release by the addition of an adequate tensioactive agent (BENEVENTI
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et al., 2009). With DAF, the water is saturated with pressurised (greater than 3 atm)
air through a nozzle, forming bubbles that that reach the flotation chamber, which is
at atmospheric pressure. The air becomes supersaturated and precipitates from the
solution in the form of small bubbles (Babaahmadi, 2010; Rocha e Silva et al. 2015).

The use of flotation as a separation method has been criticised due to the
probable toxicity of the synthetic surfactants used as collectors in this process
(MENEZES et al., 2011a). Surfactants are compounds composed of amphipathic
molecules with a hydrophilic portion and a hydrophobic portion that partition at the
oil/water or air/water interface. The apolar portion is often a hydrocarbon chain,
whereas the polar portion may be ionic (cationic or anionic), non-ionic or amphoteric.
These characteristics enable surfactants to reduce surface and interfacial tension
and form microemulsions, in which hydrocarbons can be solubilised in water or vice
versa (ALMEIDA et al., 2016). The development of completely biodegradable
surfactants could alleviate concerns with regard to toxicity and increase the
acceptance of this separation technology (ROCHA E SILVA et al., 2015). Thus,
surfactants of a biological origin (biosurfactants) could be a viable option for
increasing the use of flotation processes.

Recent studies show that microbial surfactants, which are metabolites produced
by bacteria, yeasts and fungi, have the ability to solubilise and effectively mobilise
adsorbed organic and inorganic compounds in contaminated soil and water
(SANTOS et al., 2016b). Biosurfactants offer excellent advantages, such as low
toxicity, high solubility in the presence of organic and inorganic substances as well
as stability at high temperatures, in a wide pH range, and in the presence of salt.

Biosurfactants have diverse chemical structures and are mainly classified as
glycolipids and lipopeptides. These natural compounds can be produced from

different substrates, especially renewable resources, such as vegetable oils and
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agricultural waste products (Santos et al. 2016; Soares da Silva et al. 2014). The
selectionoflow-costsubstratesisimportanttothne overall economyoftheprocess, as
substratesaccount for 10 to 30% ofthe final costoftheproduct(ALMEIDA et al., 2016).
According to the literature, P. aeruginosa is one of the most widely studied
microorganisms for biosurfactant production. Most biosurfactants produced by this
bacterium have demonstrated the ability to reduce surface tension to around 28
mN/m. These compounds have also been applied in the remediation of water and
soil contaminated with hydrocarbons due to their potential as environmental
decontamination agents (WITTGENS et al., 2017).

Considering the challenges described above and the need to improve currently
known effluent treatment methods, the aim of the present study was to propose
clean, efficient solutions for the treatment and control of oily water generated by
industrial activities. For such, flotation with the use of a biosurfactant as a

biodegradable collector was tested in a laboratory-scale DAF prototype.

2. Materials and Methods

2.1. Materials
All reagents were of the highest purity available. Soybean oil waste was obtained
from a restaurant in the city of Recife, Brazil, stored following the supplier’s
recommendations, and used without any further processing. Corn steep liquor was
obtained from Ingredion Brasil in the city of Cabo de Santo Agostinho, Brazil. A
synthetic effluent was formulated with motor oil at a concentration of 15 g/L. The
motor oil is commercially available for use in flex engines (gasoline, VNG and

alcohol), type SAE 20W-50, with a synthetic guard (PETROBRAS) paraffin-based
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lubricating oil (complex mixture of hydrocarbons) with performance enhancing

additives.

2.2. Bacterial strain and preparation of seed culture

P. aeruginosa UCP0992 was obtained from the culture collection of the Centre for
Research in Environmental Sciences of the Catholic University of Pernambuco,
Brazil, which is registered with the World Federation of Culture Collections. Cultures
were maintained in nutrient agar slants at 4°C. The strain from a 24-hour culture
was transferred to 50 ml of nutrient broth and the seed culture was prepared at a

temperature of 28°C, stirring at 150 rpm, and incubation for 10-14 h.

2.3. Fermentation media and conditions

Liguid fermentation was performed with a 3% cell suspension (optical density: 0.7)
at 600 nm, corresponding to an inoculum of 107 colony-forming units/mL inoculated
in a 2-L bioreactor (Tec-Bio-Plus, Tecnal Ltda., Brazil) with a working volume of 1.2
|, operating in a batch mode with controlled pH (6.8) and temperature (28°C). The
culture medium was composed of distilled water containing 4% soybean frying oil
and 0.5% corn steep liquor as substrates. Fermentation was conducted at 200 rpm
with aeration (2 vvm) for 120 h. Samples were collected at the end of the
fermentation period to determine surface tension and the concentration of the

surfactant.

2.4.Surface tension and critical micelle concentration

Surface tension was determined in the cell-free broth obtained by centrifuging
cultures at 5 000 g for 20 minutes, using the ring method with a Sigma 700
Tensiometer (KSV Instruments LTD, Finland) at room temperature. The surface
tension of the dilutions of isolated biosurfactant in distilled water was measured until

reaching to a constant value (standard deviation less than 0.4 mN/m during 10
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successive measurements), which was considered the critical micelle concentration
(CMC). The CMC was obtained by plotting surface tension against surfactant

concentration and expressed as g/l of biosurfactant.

2.5. Isolation of biosurfactant

Cells were removed through centrifugation (5 000 g) for 30 min and the biosurfactant
was then extracted from the culture media. PH of the supernatant was adjusted to
2.0 using HCI (6.0 M) with the addition of an equal volume of CHCI3/CH3OH (2:1).
The mixture was shaken vigorously for 15 min and allowed to set. After separation
into phases, the organic phase was removed and the operation was repeated two
more times. A rotary evaporator was used to concentrate the biosurfactant from
pooled organic phases. A yellowish viscous product was obtained, dissolved in
methanol and further concentrated by evaporation of the solvent at 45°C (Silva et

al. 2013).

2.6. Biosurfactant formulation

The broth was fermented and cells were removed through centrifugation (5000 g for

30 min). Following the addition of 0.2% potassium sorbate, the cell-free broth was

stored at room temperature (28°C) for 120 days (FREITAS et al., 2016).

2.7 Emulsifying activity with different hydrophobic compounds
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The method described by Cooper and Goldenberg (1987) was used for the
determination of the emulsification index (EI). An aliquot (2 mL) of a liquid
hydrophobic compound (soybean oil, cotton seed oil and motor oil) was added to 2
ml of the cell-free broth in a test tube and vortexed at high speed for 2 min. The
stability of the emulsion was determined after 24 h. The EI was calculated as the
height of the emulsion layer divided by the total height of the mixture multiplied by

100.

2.8 Biosurfactant stability

The stability of the biosurfactant was investigated in different experiments using the
cell-free broth. NaCl was added at concentrations of 2, 5 and 8% (w/v) and surface
tension and emulsification activity were determined as described above. Surface
tension and emulsification activity were also measured using the broth after being
submitted to different temperatures (5, 70 and 120°C) for 60 min. The effect of
heating time on biosurfactant activity was investigated by maintaining the broth at
90°C for 20, 40 and 60 min. The effect of pH (4, 8 and 10) on surface tension and
emulsification was investigated by adjusting the broth with 6.0 M of either NaOH or

HCI.

2.9 Characterisation of biosurfactant

Following re-dissolution of the extracted biosurfactant in deuterated chloroform
(CDCIs), the respective 'H NMR spectra were recorded at 25 °C using an Agilent
300 Mz spectrometer operating at 300.13 MHz. Chemical shifts (8) were given on

the ppm scale relative to tetramethylsilane (TMS). Fourier transform infrared



87

spectroscopy (FTIR) was also used to characterise the biosurfactant extract
recovered from the supernatant of the P. aeruginosa UCP 0992 isolate. The FTIR
spectrum (400 Perkin Elmer) with a resolution of 4 cm ~ was recorded from 400 to
4000 wavenumbers (cm ). The hydrophobic portion was analysed using gas
chromatography-mass spectrometry (Thermo Scientific Trace 1300 - ISQ Single
Quadrupole) in a TGMS-5 column (30 m x 0.25 mm; film thickness: 0.25 um). The
column temperature was 60°C for 3 min, ramped at 10°C min-! to 300 °C and held
for 15 min. A one-uL sample was injected. Helium was the carrier gas. The injector

temperature was 300°C and the detector temperature was 280 °C.

2.10 Dissolved Air Flotation System

Three flotation tests were performed in an acrylic 15-1 laboratory-scale DAF unit (Fig.
1). Fifty g of motor oil were mixed in 10 | of water with the aid of a pump (1) in the
storage tank (2) for one hour with the aim of obtaining good oil in water saturation.
An aquarium (3) was filled with 15 | of clean distilled water. After recirculation in the
storage tank, the oily effluent was fed into the aquarium with the aid of the same
pump (1), entering through a valve (4) [flow rate was monitored using an Arduino
sensor (5)] and contaminating the clean water. The contaminated water came into
contact with microbubbles formed by the injection of a controlled amount of air in
the aspiration line of the pump (6). The interaction between the microbubbles and
oil droplets dispersed at the base of the DAF gave rise to flocs composed of oil and
air, which floated due to the lower density in comparison to the water, forming a
layer of oily foam, which was collected in the collection section (7). To enhance the
efficiency of the process, quantities of biosurfactant were dosed using a burette (8).

A return pump (9) connected to the treated water section (10) promoted



88

recirculation, returning the treated effluent to the storage tank, from which it could
be collected (11) for subsequent analysis without coming into contact with the initial
oily effluent contained in the storage tank. Each run of the DAF system lasted five
minutes.

Insert Figure 1
2.11 Experimental Factorial Design and Response Surface Methodology

The effect of the biosurfactant on the separation efficiency of the DAF system was
evaluated in experiments conducted following a central composite rotatable design
(CCRD) and response surface methodology (RSM). A 24 CCRD was used to define
the operating conditions of the prototype. The independent variables were the oily
water flow rate, flow rate of water microbubbles, aqueous biosurfactant solution flow
rate and biosurfactant concentration. The response variable was oil separation
efficiency. The independent variables were coded on five levels. The complete
design consisted of 28 experimental points, with four replications of the central
points. Table 1 lists the coded levels of the independent variables used in the RSM

design.

Separation efficiency was calculated according to Eqg. (1).

C,-C
n:'c—lo.loo% (1)

in which 7 is the percentage of separation efficiency, while c,and c, are the oll
concentrations in the inlet and outlet flow, respectively.
The experimental design was applied to the crude biosurfactant (cell-free broth

obtained through centrifugation). After the determination of the optimum operating
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conditions, solutions of the isolated biosurfactant at concentrations established
based on the CMC and solutions of the formulated biosurfactant were also tested to
compare the efficiency of the different forms of the biosurfactant. Fifty-ml samples
were collected from the flotation system and placed in glass flasks for the
measurement of residual oil. Control experiments without the biosurfactant were
conducted for the purposes of comparison.

Statistical analysis involved ANOVA, the determination of regression
coefficients and the construction of graphs using the Statistica® program, version
8.0 (Statsoft Inc., USA).

Insert Table 1

2.12 Quantification of hydrophobic contaminant

Residual oil was extracted from the samples of synthetic oily effluent using the same
volume of hexane (1:1, v/v). The mixture was shaken for 15 min and left at rest for
the separation of the phases. The organic phase was removed and the operation
was repeated two more times. The product contained in this phase was submitted
to analysis in a spectrophotometer. The oil extracted from the water was analysed
for its concentration after direct sampling by measuring absorbance at a wavelength
of 330 nm using quartz cuvettes with a 10-mm path length in an UV-vis
spectrophotometer (SP-22- BIOSPECTRO). For the determination of the calibration
curve, a standard solution of residual motor oil (5000 mg/L) was prepared in a 100-
ml volumetric balloon. The solutions were diluted in n-hexane at concentrations
ranging from 1 to 1000 mg/L obtained from the initial standard solution. N-hexane
was used as the blank to calibrate the device. The solvent was analytical grade and

adequate for the spectrophotometric equipment (EMMANDI; SASTRY; PATEL,
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2014). All experiments were performed in triplicate at room temperature (27°C) and

mean values are reported.

3 Results and Discussion

3.7 Biosurfactant production

Considering the potential of Pseudomonas aeruginosa as a biosurfactant producer
when cultivated in soluble and/or insoluble substrates, the bacterium was initially
cultivated in a bioreactor containing a medium formulated with 4% soybean oll
residue and 0.5% corn steep liquor as the carbon and nitrogen sources,
respectively. The biosurfactant produced was able to reduce the surface tension of
water from 70 mN/m to around 26.5 mN/m and the yield was 26 g/L.

Silva et al. (2010) produced a biosurfactant from P. aeruginosa cultivated in a
medium containing 3% glycerol that lowered surface tension to 27.6 mN/m and a
yielded 6.5 g/L. In subsequent studies, Silva et al. (2013) found that P. cepacia
cultivated in a medium with 2% waste frying oil and 3% corn steep liquor produced
a biosurfactant that lowered surface tension to 26 mN/m and yielded 8 g/L. Aparna
et al. (2012) produced a biosurfactant from Pseudomonas sp. 2B cultivated in a
medium containing 1% molasses and found a surface tension of 30.14 mN/m and a
yield of 4.97 g/L. Oliveira et al. (2009) produced a biopolymer from P.
alcaligenesPCL cultivated in a medium supplemented with mineral salts and palm
oil, which lowered surface tension to 28 mN/m and yielded 2.3 g/L. Monteiro et al.
(2007) produced a biosurfactant from P. aeruginosa DAUPE 614 cultivated in a

medium with glycerol and ammonium nitrate that lowered surface tension to 27.3
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mN/m and yielded 3.9 g/L. Deepika et al. (2015) report the production of a
biosurfactant in a salt medium supplemented with molasses that lowered surface
tension to 33.03 mN/m and had a yield of 5.26 g/L. In another study, Deepika et al.
(2016) produced a rhamnolipid from P. aeruginosa KVD-HR42 cultivated in a
medium containing karanja oil and sodium nitrate that lowered surface tension to
30.14 mN/m, with a yield of 5.9 g/L. Nicolo et al. (2017) report a biosurfactant
produced by P. aeruginosa LO5 cultivated in a medium supplemented with mineral
salts and 0.4% B. carinataoil that had a yield of 5.0 g/L. In comparison to these
studies, the vyield in the present investigation was substantially greater,
demonstrating that the biopolymer obtained under the conditions specified herein is

a promising agent for use on an industrial scale.

3.8 Biosurfactant stability

The use of biosurfactants as coadjutants in the treatment of oily waters requires
products that remain stable under the necessary operational and environmental
conditions (ALMEIDA et al., 2016). Moreover, due to economic considerations in the
oil industry, most biosurfactants require either whole-cell culture broths or crude
preparations (ALMEIDA et al., 2016). Therefore, the application of the biosurfactant
from P. aeruginosa UCP0992 in its crude form without costly extraction and
purification steps was investigated in stability studies as well as the subsequent
flotation experiments. Table 2 displays the results of the stability tests using the cell-
free broth containing the crude biosurfactant produced from P. aeruginosa when
exposed to variations in temperature, pH, salinity and heating time.

Insert Table 2
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Satisfactory surface tension values were found independently of the pH,
temperature or salinity to which the biosurfactant was submitted. Lower surface
tension values were found under alkaline conditions, with a slight increase in tension
when the biosurfactant was submitted to acidic conditions. Similarly, emulsification
indices were higher in alkaline media. Glycolipids exhibit optimum aqueous solubility
at neutral to alkaline pH, which is attributed to their acidic nature (pKa = 5.6). The
single free carboxylic acid group corresponding to the B-hydroxy fatty acid moiety
makes glycolipids anionic. When the pH is increased from 5 to 8, the negative
charge of the polar head increases, which is reflected greater aqueous solubility. If
high concentrations of surface-active molecules are found, an increase of pH can
change the morphology of the micelle structure formed above the CMC from
lamellar to vesicular and finally to micelles (ABDEL-MAWGOUD; ABOULWAFA,
HASSOUNA, 2009).

Despite the relationship between surface tension and the emulsification index,
the ability of a molecule to form a stable emulsion is not always associated with
surface tension activity. Thus, a good biosurfactant is not necessarily a good
emulsifier (SANTOS et al.,, 2016b). Among the different oils tested, the best
emulsification results were achieved with motor oil.

Emulsification indices ranged from 50 to 60% in the temperature and heating
time tests, with a slight reduction in emulsifying capacity at higher temperatures and
with a longer heating time. Lower temperatures and a shorter heating time also
favored the reduction in surface tension.

With regard to the salt concentration, the biosurfactant maintained its surface
tension reducing capacity in media with up to 8% NaCl, with a tendency toward a
reduction in surface tension with the increase in salt concentration, whereas

emulsification capacity decreased in the presence of salt. According to Helvac et al.
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(2004), electrolytes have a direct effect on carboxylate groups in glycolipids. The
solution/air interface is negatively charged due to the ionised carboxylic acid groups
in an alkaline medium, with strong repulsive forces between the molecules of the
glycolipid. This negative charge is shielded by Na* ions, leading to the formation of
a close-packed monolayer and consequent reduction in surface tension.

The emulsification results are promising with regard to the application of the
biosurfactant from P. aeruginosa in the treatment of oily waters, as lubricating oil is

normally present in the composition of the industrial effluents to be treated.

3.9 Critical micelle concentration of biosurfactant

The CMC is defined the minimum concentration of biosurfactant required for the
maximum reduction in surface tension and the formation of micelles. Thus, a low
CMC indicates an efficient biosurfactant (CAMPOS et al., 2013). In the present
study, an increase in biosurfactant concentration led to a reduction in the surface
tension of water from 70 to 26 mN/m, which was achieved at a concentration of 600
mg/l, with no further reduction occurring thereafter. This CMC differs from that
reported for other glycolipids produced by P aeruginosa (SANTOS et al., 2016b).
Different CMC values may be due to differences in the purity and composition of the
glycolipid as well as differences with regard to the bacterial strain, medium and

cultivation conditions (Silva et al. 2014).

3.10 Characterisation of biosurfactant

Figure 2 displays the FTIR spectrum of the biosurfactant isolated from P. aeruginosa

UCP 0992. The vibration extending from 3300 to 3500 cm™' is characteristic of O—
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H stretching. The peak at 3000 to 2800 cm is characteristic of aliphatic chains. The
C=0 group is evidenced around 1710 cm™. The peaks at 1550 to 1400 cm™ may be
due to a C double bond and the peak at ~ 1260 cm ! corresponds to the ketone
group.

Insert Figure 2

Figure 3 displays the *H NMR spectrum. The signals of the biosurfactant from
P. aeruginosa UCP 0992 between & 0.60 and 1.6 ppm suggest aliphatic and methyl
groups. The signals between 6 2.0 and 2.2 ppm indicate the aldehyde group. The
signals at & 3.5 ppm and between & 4.6 and 4.8 ppm are attributed to hydroxyl
groups and those between & 5.0 and 5.4 ppm correspond to double bounds.

Insert Figure 3

The GC-MS analysis of the biosurfactant was compared to data from the library.
The chromatogram (Figure 4) displays two evident peaks. The first (45.53%)
indicates a structure related to the carbonyl group and the second (28.21%)
indicates to a structure containing a hydroxyl group. The molar mass of the structure
was between 150 and 200 (m/z).

Insert Figure 4

The literature describes the characterisation of biosurfactants produced by species
of Pseudomonas sp. using 'H NMR, FTIR spectroscopy and GC-MS analysis
(Charles Oluwaseun et al. 2017; Varjani and Upasani 2017; Moussa et al. 2014).
Soares da Silva et al. (2017) obtained similar results to those of the present study
in the characterisation of a biosurfactant obtained from P. cepacia, with peaks in the

'H NMR spectrum between 80.75 and 2.5 ppm indicating aliphatic and methyl
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groups and peaks between 2.0 and 4.8 indicating carbonyl and hydroxyl groups,
respectively. In the FTIR spectrum, the same authors report absorption bands
between 2966 and 2863 cm! for aliphatic groups and a band at 1700 cm-for C=0
groups. In the present study, the 'H NMR, FTIR spectroscopy and GC-MS analyses

of the biosurfactant produced by P. aeruginosa UCP 0992 indicate a glycolipid.

3.11 Use of biosurfactant in DAF system for treatment of oily water

Collectors/coagulants are normally used to enhance separation efficiency in
flotation systems. These collectors may be surfactants. Tensioactive agents are
added to the pressurised water in DAF to reduce the air/water surface tension in the
saturator, which enhances the separation process (MENEZES et al., 2011a). Some
microbial biosurfactants have been successfully used in the removal of heavy
metals from an acidic mine effluent using flotation columns. Biosurfactants from
species of Candida were able to remove more than 90% of metallic cations
(Albuquergue et al. 2012; Menezes et al. 2011; Sarubbo et al. 2015). Another study
demonstrated the potential of a biosurfactant produced from Candidasp in the
removal of oil in a semi-industrial scale DAF prototype, which increased the
separation efficiency from 80 to 98% (ROCHA E SILVA et al., 2015). Based on these
promising results, the present study tested a new bacterial biosurfactant as a
replacement for synthetic surfactants in a laboratory-scale DAF system using a
factorial design.

Table 3 displays the removal rates achieved with the application of the CCRD
matrix using the crude biosurfactant from P. aeruginosa UCP 0992 as a collector.
Removal efficiency ranged from 82 to 95%. Multiple regression analysis using RSM

was performed to adjust the response function to the experimental data and
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investigate the simultaneous influence of the four variables studied. The following

quadratic polynomial equation best fit the data:

Y (%) = 89.6925 — 2.64X1+ 1.65X12+ 2.35X2 — 2.86X22 + 2.10X3 — 0.65X32 + 4.14
Xa4—1.27X42+ 0.56X1 X2 — 0.79X1X3 + 0.16X1 X4 + 0.66X2X3 + 0.75X2X4 —

0.19X3X4(2)

in which Y is separation efficiency (%) and X1,X2,X3 and X4 are coded values for oily
water flow rate (mL/min), water + microbubble flow rate (mL/min), biosurfactant
solution flow rate (L/min) and biosurfactant concentration (g/L), respectively. The
optimal values from the CCRD were obtained by solving the regression equation
and analysing the response surface contour plots. An oily water flow rate of 5.00
L/min, water + microbubble flow rate of 6.50 L/min, biosurfactant solution flow rate
of 2.00 L/min and biosurfactant concentration of 0.35 g/L were the most favourable
for the oil removal process using the biosurfactant, achieving a 94.88% separation
rate (Run 8) (Table 3).

ANOVA was performed to test the significance and acceptability of the quadratic
model (Table 4). The p-values and F-values (with 95 % confidence interval) indicate
that all terms were statistically significant (p < 0.05; F > 4) with the exception of the
interactions between the variables oily water flow rate (X1) and biosurfactant
concentration (Xs) and between biosurfactant solution flow rate (X3) and
biosurfactant concentration (Xs4). The low pure error (0.36) indicates good

reproducibility of the experimental data.

Insert Table 3
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Insert Table 4

The explained variance (R? = 0.99595) ensured adequate fit (R = 0.9916) and
the predicted versus actual values for separation efficiency determined by the model
were very close to the straight line (Figure 5), which indicates that the model is
suitable for predicting separation efficiency under the experimental conditions.

Insert Figureb

The effects and statistical significance of the forecasting model variables were
graphically illustrated using Pareto charts (Figure 6). The linear term of factor Xa
contributed significantly, i.e., an increase in biosurfactant concentration implies an
increase in separation efficiency. The linear term of factor X2 also contributed
positively to separation efficiency. However, the quadratic term of X, led to a
reduction in efficiency. The linear term of factor X1 contributed negatively to
separation efficiency, but the quadratic term of factor X: contributed positively to
separation efficiency. Both linear and quadratic terms of X3 contributed positively to
the increase in separation efficiency.

Insert Figure 6

Figure 7 displays the fitted response surface plot for separation efficiency
obtained by the model of Eq. (2). Graphic representation enables the visualisation
of the relationship between the response and experimental levels of each variable
and type of interactions between test variables in order to deduce the optimum
conditions. Better separation efficiency was found when the oily water flow rate was
maintained at its minimum level and interacted with the water + microbubble flow

rate (Fig. 7A), biosurfactant solution flow rate (Fig. 7B), and biosurfactant
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concentration (Fig. 7C). However, these interactions were weak and did not produce
well-defined regions in the graphs. The elliptic curve of the graph in Figure 7D
indicates a high degree of interaction between water + microbubble flow rate and
biosurfactant flow rate, with greater separation efficiency at the level just above the
central region of the response surface. The combination of greater microbubble flow
and greater biosurfactant concentration led to maximum separation efficiency (Fig.
7E) and the parallelism found in the graph of the interaction demonstrates that it is
possible to predict separation efficiency by varying only one of these variables.
Figure 7F shows that high separation efficiency was also achieved when both
biosurfactant solution flow and biosurfactant concentration were maintained at their
maximum levels.

Insert Figure 7

3.12 Flotation experiments following optimisation of operational conditions

After the optimisation of the operational conditions, new experiments were
conducted replacing the crude biosurfactant with the isolated and formulated forms
to determine the influence of the extraction process and addition of the chemical
conservative potassium sorbate on the efficiency of the biomolecule. The results
demonstrate that the isolated and formulated biosurfactants were capable of
removing 95.89% and 94.75% of the oil, respectively. Control experiments (without
the biosurfactant) conducted with the optimised operational conditions resulted in
an oil removal rate of about 75% using the microbubble process alone,
demonstrating the importance of adding the biosurfactant from P. aeruginosa UCP
0992 as a collector in the separation process.

Considering the 94.88% removal rate with the crude biosurfactant, the
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formulated product (addition of the conservative) could be advantageous, as this
form of the biosurfactant maintains stable tensioactive properties when stored for a
period of 120 days, which demonstrates its potential for commercial use. However,
the isolated biomolecule represents an additional cost, as the final price of the
biosurfactant will be higher due to the inclusion of an extraction step.

Figure 8 shows the difference in the quality of the emulsion formed with and
without the biosurfactant, demonstrating that the emulsification and consequent
removal of the oil is substantially improved in the presence of the biosurfactant (Fig.
8B).

Insert Figure 8

The efficiency of the flotation-biosurfactant system is also evidenced when a
concentration of oil of 15 g/L is used, which is much higher than the maximum limit
permitted by Brazilian law (20 ppm) (CONAMA, 2011). This suggests that the DAF-
biosurfactant combination will ensure adequate treatment of effluents under actual
conditions of the treatment of industrial oily effluents and enable the reuse of the
clean water. In a study conducted by Watcharasing et al. (2009), a 60% oil removal
rate was found in a flotation system using synthetic surfactants. Thus, the
biosurfactant tested herein achieved greater separation efficiency.

It is important to stress that the biosurfactant from P. aeruginosa UCP 0992,
besides being used in its crude form, was produced in a culture medium prepared
only with industrial waste products, which further reduces the costs. As substrates
used in the production of biosurfactants account for 20 to 30% of the production
cost, the final price of the biosurfactant from P. aeruginosa was calculated based on
the price of pure biosurfactants available on the market, with a final price estimated

to be around 0.6 to 1.5 €/kg (Hazra et al., 2012).
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The low cost of the proposed DAF process is evident by the small amount of
biosurfactant (350 ppm) required to achieve maximum efficiency (run number 8 in
Table 3). Moreover, the DAF system is highly efficient, simple to operate and
requires a low investment, as the implantation cost is approximately tenfold lower
that that required for other methods, such as separation by continuous
centrifugation. As many industries generate huge amounts of oily waters that require
adequate treatment before being discarded or reused, the benefits of treating oily
waters with the system developed herein demonstrates its considerable market

potential.

4 Conclusion

The results obtained in the present study indicate that the efficiency of the DAF
process for the treatment of oily water can be enhanced with the use of the
biosurfactant produced by P. aeruginosa, as demonstrated by the significant
increase in the oil removal rate. Thus, the system presented herein is a favourable
strategy for decontaminating oily industrial effluents. Besides increasing the
separation efficiency of the DAF system, the use of biosurfactants is a sustainable
practice from the environmental standpoint, as it enables the use of industrial waste
products, which are sometimes available from a single industrial complex.
Moreover, the bench-scale prototype enables an analysis of characteristics that are
fundamental to the establishment of parameter levels (set points) and equipment

control strategies.
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Table 1
Experimental range and levels of independent variables for separation efficiency in

DAF system

Range and levels
-20 -1.0 0.0 +1.0 +2.0

25 50 7.5 10.0 125

Variables

Oily water flow rate (L/min),
X1

Water + microbubbles flow
rate (L/min), Xz

Biosurfactant solution flow
rate (L/min), X3

Biosurfactant concentration

(g/L), Xa

50 55 6.0 65 7

05 1.0 15 20 25

0.05 0.15 0.25 0.35 0.45
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Table 2
Influence of salt concentration, temperature, pH and heating time at 90 °C on
surface tension reducing activity and emulsifying activity of cell-free broth containing

biosurfactant from P. aeruginosa UCP0992 (results expressed as mean + standard

deviation)

pH Surface tension (mN/m) El (%)2 El (%) EI(%)°
4 33.4+0.2 80.5+4.0 20.5+2.0 20.0%£3.0
8 24.0+£0.5 90.3+4.0 55.5+3.9 58.2+2.0
10 26.5+0.5 90.0+5.1 40.1+1.9 35.3#4.3
Temperature Surface tension (mN/m) El (%)2 El (%) EI(%)°
(°C)

5 20.0£0.4 60.0+5.0 40.3+3.5 42.2+3.
70 28.0+£0.3 55.2+3.0 40.0+2.3 40.4+3.9
120 29.0+£0.5 50.1+4.0 38.1+4.0 45.2+2.4
Heating  time Surface tension (mN/m) El (%)2 El (%) EI(%)°
(min)

20 22.0£0.4 50.0£3.9 40.0+3.2 43.0+2.7
40 26.6+0.2 45.1+4.0 39.0+2.7 45.0+3.2
60 26.5+0.3 48.0£3.0 40.1+1.3 43.0+2.0
Salt (%) Surface tension (mN/m) El (%) EI(%)> EI (%)°
2.0 26.3+0.2 75.0£3.3 70.1+1.8 95.0%+2.8
5.0 25.3+1.1 80.1+2.8 35.0+2.0 40.0x2.1

8.0 20.6x1.0 45.0+£3.0 15.0+3.0 20.3%+3.2
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3Emulsification index of motor oil; ® Emulsification index of corn oil; ¢ Emulsification
index of soybean oil

Table 3

Central composite design matrix and experimental values of factors according to

separation efficiency in DAF system with use of biosurfactant

Water + Biosurfactant Biosurfactant Separation
Run Oily water flow microbubbles . ) efficiency
: solution flow  concentration
S rate (L/min), X1 flow rate te (L/min). X L) X (%), Y
(L/min), Xz rate (L/min), X3 (9/L), Xa
1 -1.0 -1.0 -1.0 -1.0 87.38
2 -1.0 -1.0 -1.0 1.0 88.34
3 -1.0 -1.0 1.0 -1.0 89.37
4 -1.0 -1.0 1.0 1.0 90.22
5 -1.0 1.0 -1.0 -1.0 87.45
6 -1.0 1.0 -1.0 1.0 92.05
7 -1.0 1.0 1.0 -1.0 91.32
8 -1.0 1.0 1.0 1.0 94.88
9 1.0 -1.0 -1.0 -1.0 83.24
10 1.0 -1.0 -1.0 1.0 85.92
11 1.0 -1.0 1.0 -1.0 84.32
12 1.0 -1.0 1.0 1.0 86.43
13 1.0 1.0 -1.0 -1.0 86.98
14 1.0 1.0 -1.0 1.0 89.42
15 1.0 1.0 1.0 -1.0 88.79
16 1.0 1.0 1.0 1.0 90.52
17 -2.0 0.0 0.0 0.0 93.56

18 2.0 0.0 0.0 0.0 90.12



19

20

21

22

23

24

25

26

27

28

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-2.0

2.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-2.0

2.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

-2.0

2.0

0.0

0.0

0.0

0.0

126

82.34

84.31

84.76

90.11

78.79

94.23

88.35

89.44

89.93

90. 05
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Analysis of variance (ANOVA) for separation efficiency in pilot scale DAF system

with use of biosurfactant

sSum of Degrees Mean .
Factor of F-ratio  p-value®

squares square

freedom

Xz (L) 33.2291 1 332201 272901 00D
X2 (Q) 49 0776 1 40.0776 403.:_))738 o.ooi)z?o
Xs (L) 265020 1 265020 217.6608 O 00°
X3 (Q) 25741 1 25741 21.1;1146 0.01??335
Xa (L) 102.7548 1 102.7548 843.9243 8.957E-05
X4 (Q) 9 6393 1 0.6393 79.156778 0.005993
X1 (L) x X2 (L) 1.2656 1 1.2656 10.32456 0.0423434
X1 (L) x X3 (L) > 4964 1 2 4964 20.58290 0.022151
X1 (L) X Xa (L) 0.0992 1 0.0992  0.814934 0'433205
X2 (L) x X3 (L) 17161 1 1.7161 14.03431 o.osfozo
X2 (L) x Xa (L) 2 2650 1 2 2650 18.62262 0.025953
X3 (L) x Xa (L) 0.1369 1 0.1369 1.1221358 0.3686789
Lack of Fit 0.8710 10 00871 0.715372 0'703035
Pure Error 0.3653 3 0.1218
Total square sum 305.5641 27

2 R? = 0.99595; adjusted R?=0.9916.

b p < 0.05 - significant at 5% level.

¢ (L) = linear effect.
4 (Q) = quadratic effect.



128

Figure captions

Fig.1l. Bench DAF Prototype used for treating oily aqueous phase.

Fig.2. FTIR spectrum of biosurfactant extract produced by P.aeruginosa UCP0992
cultivated in mineral medium supplemented with 4% soybean frying oil and 0.5%

corn steep liquor.

Fig.3. 'H NMR spectrum (CDsOD, 300 MHz) of biosurfactant isolated from
P.aeruginosa UCP0992 cultivated in mineral medium supplemented with 4%

soybean frying oil and 0.5% corn steep liquor.

Fig.4. Chromatogram of biosurfactant produced by P.aeruginosa UCP0992

showing peaks for structures containing carbonyl and hydroxyl groups.

Fig. 5. Plot of predicted vs. actual separation efficiency achieved using biosurfactant

produced by P. aeruginosa UCP 0992.

Fig. 6. Pareto chart showing effects of observed factors and combined impact on

separation efficiency in DAF system with use of biosurfactant.

Fig. 7. Response surface plots and contour plots for maximum separation efficiency
generated using data in Table 5; Inputs = 28 experimental runs carried out under

conditions established by CCRD; separation efficiency as function of (A) oily water
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flow rate and microbubble water flow rate; (B) biosurfactant solution flow rate and
oily water flow rate; (C) biosurfactant concentration and oily water flow rate; (D)
microbubble water flow rate and biosurfactant solution flow rate; (E) biosurfactant
concentration and microbubble water flow rate; (F) biosurfactant concentration and

biosurfactant solution flow rate.

Fig. 8. Separation of oily water. A) DAF system functioning without biosurfactant; B)
DAF system functioning with biosurfactant from P. aeruginosa UCP 0992. Note
formation of floated complex resulting action of microbubbles combined with

biosurfactant studied (right).
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Figure 1
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Figure 3
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Figure 5
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Figure 6

(4)Biosurfactant concentration (g/L), X4(L)
Microbubbles water flow rate (L/min), X,(Q) F
(1)Oily water flow rate (L/min), X4(L) F
(2)Microbubbles water flow rate (L/min), X5(L) £
(3)Biosurfactant solution flow rate (L/min), X5(L) t
Oily water flow rate (L/min), X4(Q)
Biosurfactant concentration (g/L), X4(Q) |
Biosurfactant solution flow rate (L/min), X3(Q) ¢
1Lby3L

2Lby4L

2Lby3L

1Lby2L

3Lby4L
1Lby4L

|-22.717
-20.9298
1 T 18.69256
116.69357
113.08612
-10.0678
-5.20267
|-5.1235
|4.880297
|4.247966
3.648062
1119081
- |1.02146

32.8708

p=.05

135



Figure 7

Il > 98
<97
Il <93
<89
C1<8s5
B < 81
<77

L) Fouae uonesedas

00
¢ 98
%
2w
% 5 I > 99
- <99
: . <97
% p [ <95
% > [1<93
3 # =<9
B <89
¢ ” B <87
f: . <85
3
2
E
% I > 90
H I <86
E <81
2 <76
=2
%
%t
oS
I > 9
[ <86
<81
<76

136



137

Figure 8
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5.3 CAPITULO 3 - Use of bacterial biosurfactants as natural collectors in the
dissolved air flotation process for the treatment of oily industrial effluent

TRABALHO PUBLICADO NO PERIODICO BIOPROCESS AND BIOSYSTEMS
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Abstract

The aim of the present study was to investigate the separation of oil from water using a bench-scale DAF prototype with the
addition of biosurfactants isolated from Pseudomonas cepacia CCT6659 and Bacillus cereus UCP1615. The best operating
conditions for the DAF prototype were determined using a central composite rotatable design. The results demonstrated that
the biosurfactants from P. cepacia and B. cereus increased the oil separation efficiency from 53.74% (using only microbub-
bles) to 94.11 and 80.01%, respectively. The prediction models for both DAF-biosurfactant systems were validated, showing
an increase in the efficiency of the DAF process from 53.74% to 98.55 and 70.87% using the formulated biosurfactants from
P. cepacia and B. cereus, respectively. The biosurfactant from P. cepacia was selected as the more promising product and
used for the treatment of oily effluent from a thermoelectric plant, achieving removal rates ranging between 75.74 (isolated
biosurfactant) and 95.70% (formulated biosurfactant), respectively.

Keywords Biosurfactant - Bacillus cereus - Pseudomonas cepacia - Dissolved air flotation - Oily water - CCRD

Introduction

The continual expansion of the processing industry and the
extensive use of petroleum-related products in the majority
of industries (automobile industry, aircraft factories, chemi-
cal industries, machinery, etc.) constitutes a source of pollu-
tion due to the increase in the frequency of oil spills during
the transportation, storage and distribution of crude oil and
petroleum-based products, which causes serious environ-
mental harm [ 1, 2]. Moreover, the mixture of oil and water
occurs in the production, transportation and refining stage
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of the petroleum industry as well as during the use of petro-
leum-based products [3]. The shearing caused by pumps,
valves and other equipment leads to the mixture of phases
and the formation of stable emulsions. In the production
stage, oily water is formed by the water used to extract the
petroleum [4]. This water is often discarded into the envi-
ronment without due treatment stipulated by environmental
laws.

The reuse of effluents from industrial processes has
become increasingly more common due to the environmen-
tal and economic appeal of this practice, as there are incen-
tives 1o reduce production costs and aggregate value to the
company in terms of sustainability [5]. The release of efflu-
ents into the environment is regulated by environmental and
public health agencies. Regardless of the final destination,
such effluents must undergo some type of treatment and meet
the requirements for proper disposal [6]. According to envi-
ronmental legislation, the disposal or the reuse of oily water
is only permitted after the removal of the oil and suspended
solids [7]. According to Brazilian resolution n® 430 from
May 13th, 2011, of the Conselho Nacional do Meio Ambi-
ente (CONAMA [National Environment Council]), which
stipulates the conditions for the release of effluents, 20 mg/L
is the permitted limit for an oily effluent [6]. Regarding the
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disposal of oily water generated by the exploration/produc-
tion of petroleum, CONAMA resolution no. 393/2007 stipu-
lates that these waters must be limited to a monthly mean
concentration of oil and grease of up to 29 mg/L, with a
maximum daily concentration of 42 mg/L [8].

One of the main methods for the treatment of oily water
involves the use of gravitational separators, such as a sedi-
mentation tank, centrifuge, and hydrocyclone. [4, 5]. Treat-
ment leads to the removal of only approximately 200 mg/L
of oil, due mainly to the presence of oil-in-water emulsions,
which are difficult to remove through simple flotation and
require auxiliary methods, such as the use of coagulants and
surfactants [2]. The addition of these agents makes the pro-
cess much more efficient, enabling the removal of a larger
amount of oil in comparison to other methods [10].

Flotation is a particle separation process involving adher-
ence to bubbles. The oil particle-bubble union has less den-
sity than the aqueous medium and floats to the surface of
the flotation cell, facilitating the removal of the oil [9]. The
basic operating principles of dissolved air flotation (DAF)
are quite simple (contact between solid particles and air
bubbles and subsequent floating to the surface for removal),
but some essential variables are required for the successful
use of this method [2]. Moreover, the flotation separation
method as a part of pollution control or for the treatment of
water is often criticised due to the probable toxicity of the
chemical surfactants employed as collectors in this process,
such as sodium dodecyl sulfate and sodium oleate [5-7, 11].

Surfactants are compounds composed of amphipathic
molecules with a hydrophilic portion and hydrophobic por-
tion that partition at the oil-water or air—water interface.
The apolar potion is often a hydrocarbon chain, whereas
the polar portion may be ionic (cationic or anionic), non-
ionic or amphoteric. These characteristics enable surfactants
to reduce surface and interfacial tensions as well as form
microemulsions in which hydrocarbons can be solubilised
in water or water can be solubilised in hydrocarbons [1-12].

Some alternatives have emerged to make this process
environmentally more sustainable, such as the use of bio-
surfactants (biological molecules) in DAF and the use of
natural adsorbents, which have a number of advantages over
synthetic surfactants and adsorbents, such as better environ-
mental compatibility, biodegradability, low toxicity (posing
no risk to workers) and specificity as well as resistance to
high temperatures, salinity and a broad pH range [5].

Central composite rotational design (CCRD) has been
effectively employed recently to select optimum variables
to enhance the oil separation efficiency of DAF systems [9,
13]. CCRD constitutes a statistical tool for examining the
relationship between one or more response variables and
quantitative set of experimental factors. As the correlation
between the response and independent variables is generally
unknown at the onset of a process, the first step in CCRD is

@ Springer

to approximate the function (variable response) by analyzing
the independent variables [ 14, 15].

The aim of the present study was to evaluate the efficiency
of a DAF prototype involving biosurfactants produced from
the bacteria Bacillus cereus and Pseudomonas cepacia as
collectors for the removal of oil from water.

Materials and methods
Materials

All reagents were of the highest purity available. A synthetic
effluent formulated with motor oil was used in the optimiza-
tion experiments. The motor oil is commercially available
for use in flex engines (gasoline, VNG and alcohol), type
SAE 20W-50, with a synthetic guard (PETROBRAS, Brazil)
[paraffin-based lubricating oil (complex mixture of hydro-
carbons) with performance-enhancing additives].

Microorganisms

The following bacterial strains were used for the production
of biosurfactants: Bacillus cereus UCP 1615 maintained at
the culture bank of the Centre for Environmental Science of
the Catholic University of Pernambuco and Pseudomonas
cepacia CCT 6659, which was obtained from the culture
bank of the André Tosello Research and Technology Foun-
dation located in the city of Campinas (state of Sdo Paulo,
Brazil).

Inoculum maintenance and growth media

A nutrient agar medium was used for the maintenance of
the bacteria. The medium was composed of peptone (1.0%),
meat extract (0.5%), NaCl (0.5%) and agar (1.5%) at pH
7.0. The constituents were solubilised and sterilised in an
autoclave at 121 °C for 20 min. A nutritive broth was used
for the growth of the inoculum and was composed of pep-
tone (1.5%), meat extract (0.5%), NaCl (0.5%) and K,HPO,
(0.5%) at pH 7.0. Young cultures obtained after 24 h in the
nutrient agar medium were transferred to Erlenmeyer flasks
containing 50 mL of nutritive broth, which were maintained
under orbital agitation at 200 rpm for 1014 h at 28 °C until
reaching an optical density of 0.7 (corresponding to an
inoculum of 107 colony-forming units/mL) at 600 nm. This
reading was used with the inoculum at concentrations of
1.5-5.0% (v/v).

Media and biosurfactant production

Two biosurfactants were produced in media containing
industrial waste using previously established methods. The
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mineral medium used for the cultivation of Bacillus cereus
contained K,HPO, (0.87 g/L), MgS0,.7-H,0 (0.6 g/L),
NaCl (0.1 g/L), KCI (0.2 g/L), Tris—(hydroxymethyl)amino-
methane (6.5 g/L.) and yeast extract (0.05 g/L.) and was sup-
plemented with 2% waste soy frying oil and 0.12% peptone
[16]. The mineral medium used for the cultivation of Pseu-
domonas cepacia contained 0.05% KH,PO,, 0.1% K,HPO,,
0.05% MgS0,.7+H,0, 0.01% KCl and 0.001% FeSO,.7H,0
and was supplemented with 2% residual canola oil and 3%
corn steep liquor [17].

For the production of the biosurfactants, fermentation was
performed in 500-mL Erlenmeyer flasks containing 100 mL
of the production medium and incubated with the inoculum
obtained after growth in the nutritive broth. The flasks were
maintained under orbital agitation at 200 rpm for 48 h for
B. cereus and 60 h for P. cepacia at a temperature of 28 °C.

Determination of surface tension

Surface tension was measured in the cell-free broth using a
KSV Sigma 700 tensiometer (Finland) with a Du Noiiy ring.

Isolation of biosurfactants

Different methods were used to isolate the biosurfactants
produced by the bacteria. For the biosurfactant from B.
Cereus UCP 1615, the pH of the cell-free broth was adjusted
to 2.0 with a 6 M HCI solution. Next, the same volume of
chloroform/methanol (2:1, v/v) was added. The mixture was
shaken vigorously for 15 min and left to rest for the sepa-
ration of the phases. The organic phase was removed and
the procedure was repeated two more times. The product
was concentrated from the organic phases collected using a
rotary evaporator, then dissolved in methanol, concentrated
a second time by evaporation of the solvent at 45 °C and
weighed [18]. The biosurfactant from P. aeruginosa CCT
6659 was extracted from the cell-free broth after centrifuga-
tion at 5000xg for 30 min. The pH of the supernatant was
adjusted to 2.0 using 6.0 M NaCl solution and an equal vol-
ume of CHCI;/CH4,OH (2:1) was added. The mixture was
shaken vigorously for 15 min and left to rest for the separa-
tion of the phases. The organic phase was removed and the
procedure was repeated. The product was concentrated from
the organic phases collected using a rotary evaporator, then

dissolved in methanol and concentrated a second time by
evaporation of the solvent at 45 °C.

Preparation of biosurfactant formulations

Potassium sorbate (0.2%), which is a low-cost conservative
that inhibits the growth of mold widely used in the produc-
tion and conservation of foods, was added to the cell-free
broth (crude biosurfactant) of each strain. The concentra-
tion of the preservative was chosen according to the results
obtained previously in our laboratories by Freitas et al. [19].

Experimental design

A central composite rotatable design (CCRD) with four vari-
ables and 28 experiments was used (o evaluate the influence
of the following independent variables on the efficiency of
the oil separation process: oily water flow rate, microbubble
flow rate, biosurfactant solution flow rate and biosurfactant
concentration. The values of the independent variables are
listed in Table 1.

Application of biosurfactants in oil removal process
using dissolved air flotation

The tests were performed using a laboratory-scale DAF unit
(Fig. 1). Ten litres of water was mixed with 50 g of motor
oil with the aid of a pump (1) in the storage tank (2) for
I h to obtain good oil/water saturation. The aquarium (3)
was filled with 15 L of drinking water. After recirculation
in the storage tank, the synthetic oily effluent was fed into
the aquarium with the same pump, entering through a valve
(4). The flow rate was monitored using an Arduino Uno
board, diluting the oily water, which was then bombarded
with microbubbles generated through cavitation using a cen-
trifugal pump (5) for the separation of the oily phase in the
supernatant. The interaction between the microbubbles and
oil droplets at the base of the aquarium gave rise to flocs
comprised of oil, biosurfactant and air, which floated due to
the much lower density in comparison to the water, forming
a layer of oily foam, which was collected in the collection
portion of the DAF device (6). To enhance the efficiency
of the process, quantities of biosurfactant were introduced
into the biosurfactant tank (7). A return pump (8) connected

Table 1 Experimental range and

Variables
levels of independent variables

Range and levels

for separation efficiency in DAF =20 - 1.0 0.0 +1.0 +2.0
system
Oily water flow rate (L/min), X, 25 50 7.5 10.0 12.5
Microbubble flow rate (L/min), X, 5.0 5.5 6.0 6.5 7
Biosurfactant solution flow rate (L/min), X, 0.5 1.0 1.5 2.0 25
Biosurfactant concentration (g/L), X, 0.05 0.15 0.25 0.35 045
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Fig.1 Bench-scale DAF pro-
totype for the treatment of oily
water

to the treated water section (9) was used for recirculation,
returning the treated effluent to the storage tank (2) for col-
lection and subsequent analysis without coming into con-
tact with the initial oily cffluent. Several experiments were
conducted with different flow rates and concentrations of
the biosurfactant in its isolated and formulated forms. The
DAF prototype was also run without the biosurfactant. Each
assay lasted 5 min.

Removal of hydrophobic contaminant by flotation

The residual oil was extracted from the samples of synthetic
oily water with the same volume of hexane (1:1, v/v). The
mixture was shaken for 15 min and left to rest for the sepa-
ration of the phases. The organic phase was removed and
the procedure was repeated five times. The oil contained
in this phase was submitted for analysis in a UV-Vis spec-
trophotometer (SP-22-BIOSPECTRO) at 330 nm. For the
determination of the calibration curve, a standard solution of
motor oil (5000 mg/L.) was diluted in n-hexane at concentra-
tions ranging from 1 to 1000 mg/L. n-Hexane was used as
the blank to calibrate the device [20].

Separation of oily water from thermoelectric plant
effluent

After the optimization experiments, an oily effluent collected
from the Candeias thermoelectric plant (Candeias Energy
Company) in the city of Candeias, in Bahia State, Brazil,
was tested in the DAF prototype. This effluent is largely
composed of heavy oil, motor oil and diesel oil. The efflu-
ent from the plant needed to undergo an initial separation of
the oily water prior to the flotation process due to the high
degree of saturation of the heavy oil in the supernatant layer.
The crude oily water from this effluent was subsequently
investigated with regard to its physicochemical characteris-
tics. The biosurfactant selected for the prior step was applied
to the flotation process in its isolated and formulated forms
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to investigate the oil removal capacity (as described above)
and increase the efficiency of the process.

Determination of the effluent turbidity

The turbidity of the effluent was monitored following the
CONAMA Resolution 430/2011 [6]. The turbidity meter
(TB 1000, MS Tecno PON) was calibrated prior to the
analysis.

Statistical analysis

ANOVA, the determination of regression coefficients and
the construction of graphs were performed with the aid of
the Statistica® program, version 12.0. All determinations
were performed at least three times.

Results and discussion

The petroleum industry produces large volumes of oily water
during drilling and extraction processes, which poses a con-
siderable environmental problem. Dissolved air flotation
(DAF) is a process that has been successfully employed to
separate hydrocarbons from water. Biosurfactants are pro-
duced by microorganisms and constitute a promising, sus-
tainable technology for increasing DAF efficiency due to the
fact that these natural products are biodegradable and non-
toxic. Recent studies have shown that microbial surfactants
have the ability to solubilise and mobilise adsorbed organic
compounds in contaminated water [5].

Table 2 displays the CCRD matrix with the oil removal
efficiency results using the biosurfactant isolated from
P.cepacia CCT 6659 as an alternative collector. Removal
rates varied significantly, ranging from 6 to 95%. Multiple
regression analysis was employed to adjust the response
function to the experimental data and investigated the
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Table2 Central composite
design matrix and experimental
values of observed factors on

Runs  Oily water flow
rate (L/min), X,

Microbubble flow Biosurfactant solution  Biosurfactant con-  Separation
rate (L/min), X,

flow rate (L/min), X;  centration (g/L.), X efficiency

; <3 3 Z (%), Y
separation efficiency in DAF
system using biosurfactant 1 -1.0 ~1.0 -1.0 -1.0 63.67
el G B
3 -1.0 -1.0 1.0 -1.0 48.72
4 - 1.0 -1.0 1.0 1.0 47.29
5 -1.0 1.0 =10 -1.0 38.53
6 =10 1.0 =10 1.0 65.37
7 -1.0 1.0 1.0 -1.0 46.27
8 -1.0 1.0 1.0 1.0 94.11
9 1.0 -1.0 -1.0 -1.0 60.36
10 1.0 -1.0 -1.0 1.0 55.15
1 1.0 -1.0 1.0 -10 17.44
12 1.0 -1.0 1.0 1.0 27.16
13 1.0 1.0 -1.0 -1.0 10.46
14 1.0 L0 =10 1.0 13.93
15 1.0 1.0 1.0 -1.0 8.29
16 1.0 1.0 1.0 1.0 2583
17 =20 0.0 0.0 0.0 76.27
18 2.0 0.0 0.0 0.0 6.08
19 0.0 =20 0.0 0.0 65.56
20 0.0 2.0 0.0 0.0 43.50
21 0.0 0.0 =20 0.0 32,14
22 0.0 0.0 2.0 0.0 80.00
23 0.0 0.0 0.0 -20 15.40
24 0.0 0.0 0.0 20 68.66
25 0.0 0.0 0.0 0.0 26.70
26 0.0 0.0 0.0 0.0 30.87
27 0.0 0.0 0.0 0.0 3128
28 0.0 0.0 0.0 0.0 29.87

simultaneous influence of the four variables studied. The
following quadratic polynomial equation best fits the data:

Y|(%) = 29.6800 — 16.44X, + 2.00X7 + 5.42X, + 5.34X] + 144X, + 5.72X] + 8.77X,

Analysis of variance (ANOVA) was performed to inves-
tigate the significance of the proposed quadratic model

(1

+2.21X2 = 7.33X, X, — 3,82X, X3 — 331X, X; + 9.60X,X; + 5.46X,X, + 2, 71X:X,,

in which Y, (%) is the oil separation efficiency and X, X,,
X; and X, are the coded values for oily water flow rate (mL/
min), microbubble flow rate (mL/min), biosurfactant solu-
tion flow rate (L/min) and biosurfactant concentration (g/L),
respectively. The best result regarding oil separation effi-
ciency was obtained in Run 8 (Table 2), with an oily water
flow rate of 5.00 L/min, microbubble flow rate of 6.50 L/
min, biosurfactant solution flow rate of 2,00 L/min and bio-
surfactant concentration of .35 g/L as the most favourable
levels of the variables for the oil removal process, reaching
a maximum separation rate of 94.11%.

(Table 3). The p value <0.05 and F>4 (with a 96% con-
fidence interval) indicate that all terms were statistically
significant. The low pure error value (4.29) indicates the
good reproducibility of the experimental data, The coeffi-
cient of determination (R*=0.8691) ensured the goodness-
of-fit of the model (R=0.72812), as the predicted values for
separation efficiency determined by the multiple polynomial
equation were very close to the slope (Fig. 2), which indi-
cates that the proposed model is adequate for the prediction
of separation efficiency under the experimental conditions
tested.
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Table3 Analysis of variance

(ANOVA) for separation Factor Sum of squares ng‘;:; of  Mean square  Fratio p value®

efficiency in bench-scale DAF

system with using biosurfactant 6487.55284 1 6487.55284  1509.59919  0.0000375096969

seotdied froin | ctpacia GOT X, Q) 96.1100315 1 96.1100315  22.3639991  0.0179187652

6659 as alternative collector
X, (L) 704.058337 | 704.058337 163.828476 0.00102902234
X, (Q) 684.3477 | 684.3477 159.241976  0.0010731302
X; (L) 49.5650042 1 49.5650042 11.5333612  0.0425838757
X, (Q) 786.586375 1 786.586375 183.032059 0.00087338013
X, (L) 1846.085 | 1846.085 429.568513 0.000245637353
X, (Q) 117.738325 | 117.738325 27.3967218 0.0135708778
X, (LyxX, (L) 860.395556 1 860.395556 200.206837 0.000764711815
X, (L)yx X4 (L) 233.554806 | 233,554806 54,3462466  0,00516025119
X, (LyxX, (L) 175.099056 | 175,099056 40,7440833 0,00778525648
X, (L)yxX; (L) 1475.52016 | 1475,52016 343341178  0,000343041684
X, (LyxX, (L) 477.531756 1 477,531756 111117639  0,00182348392
Xy (Lyx X, (L) 117.559806 1 117,559806 273551819 0,013599341
Lack of fit 2036.44523 10 203.644523 47.3863742  0.00443506412
Pure error 12.8926 3 4.29753333
Total square sum 15655.1905 27

R*=0.8691; adjusted R*=0.72812
L linear effect, Q quadratic effect
“p<0.05 significant at 5% level

Fig.2 Plot of predicted vs. 110
actual separation efficiency

achieved using biosurfactant 100
isolated from P. cepacia CCT 90
6659

Predicted Values
3

The effects and statistical significance of the variables
in the prediction model are shown graphically in the Pareto
chart (Fig. 3). The linear term of X, contributed signifi-
cantly with a negative sign, i.e., a lower oily water flow
rate enabled better oil removal efficiency. The linear term
X, led to an increase in separation efficiency at lower lev-
els of this variable, i.e., lower microbubble flow rate. The

a Springer
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linear and quadratic terms X5 and X contributed positively
to the increase in separation efficiency.

Table 4 displays the CCRD matrix with the oil removal
efficiency results using the biosurfactant isolated from
B. Cereus UCP 1615. The best oil separation efficiency
occurred in Run 7, using an oily water flow rate of 5.00 L/
min, microbubble flow rate of 6.50 L/min, biosurfactant
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Fig.3 Pareto chart showing x ‘
effects of observed factors and (1)Cily water flow rate (Limin), X(L) ~ R 3835
combined impact on separation (4)Biosurfactant concentration (g/L), X4L) ~ 2072603
s el iy 2LbyaL SR 18.52947
cepacia CCT 6659 1Lby2L -14.1494
Biosurfactant solution flow rate (L/min), X{Q) ~13.52893
(2)Microbubble water fiow rate (L/min), X4L) g -12.7995
Microbubble water flow rate (L/min), X4Q) 1261911
2LbydL 11054124
1Lby3L -7.37199
1LbydL -6.38311
Biosurfactant concentration (g/L), X{Q) | 5234188
3LbydL 5230218
Oily water flow rate (L/min), X,(Q) 4.729059
(3)Biosurfactant solution flow rate (L/min), X4L) 3.39608
p=.05

Table4 Central composite Runs  Oily water low  Microbubble flow  Biosurfactant solution  Biosurfactant con-  Separation

design matrix and experimental rate (L/min), X,  rate (L/min), X,  flow rate (L/min), X;  centration (¢/L), X, efficiency
values of observed factors on ) ' (%), Y

separation efficiency in DAF

system using biosurfactant | -1.0 ~1.0 ~1.0 -1.0 45.77

isolated from B. cereus UCP

l12)15 as alternative collector % -~ ~E0 40 1o 6508
3 -1.0 -1.0 1.0 -1.0 40.92
4 -1.0 -1.0 1.0 1.0 50.03
) -1.0 1.0 -1.0 -1.0 46.34
6 -10 1.0 -1.0 1.0 40.99
7 -1.0 1.0 1.0 =10 80.01
8 -1.0 1.0 1.0 1.0 47.61
9 1.0 -10 -1.0 -1.0 44.42
10 1.0 -1.0 -1.0 1.0 43.46
I 1.0 - 1.0 1.0 -1.0 271.7
12 1.0 -1.0 1.0 1.0 28.00
13 1.0 1.0 -1.0 -1.0 3953
14 1.0 1.0 -1.0 1.0 12.00
15 1.0 1.0 1.0 -1.0 34.57
16 1.0 1.0 1.0 1.0 19.05
17 =20 0.0 0.0 0.0 52.65
I8 2.0 0.0 0.0 0.0 28.69
19 0.0 -20 0.0 0.0 37.98
20 0.0 2.0 0.0 0.0 29.15
21 0.0 0.0 =20 0.0 34.25
22 0.0 0.0 20 0.0 33.26
23 0.0 0.0 0.0 =20 36.14
24 0.0 0.0 0.0 20 30.85
25 0.0 0.0 0.0 0.0 44.35
26 0.0 0.0 0.0 0.0 4421
27 0.0 0.0 0.0 0.0 44.24
28 0.0 0.0 0.0 0.0 44.55
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solution flow rate of 2.00 L/min and biosurfactant concentra-
tion of 0.15 g/L, with a maximum separation rate of 80.01%.
An empirical model was applied to adjust the oil separation
efficiency and the variables of the process using the biosur-
factant isolated from B. Cereus UCP 1615 as an alternative
collector. The following quadratic polynomial equation best
fits the data:

Y,(%) = 44.3375 = 9.00X, + 0.12X] — 1.79X, — 1.66X; — 0.49X; — 1.61X; — 2.65 X,

The Pareto chart (Fig. 5) shows the statistical signifi-
cance of the variables in the prediction model. The most
significant to the oil removal process were X, X, and X,,
which contributed a negative sign, i.e., lower oil water and
microbubble flow rates and a lower concentration of the
biosurfactant from B. cereus UCP 1615 contributed to the
increase in separation efficiency.

(2)

— L67X2 = 322X, X, — 3.15X,X; — 2.15X, X, + 5.90X,X; — 6.79X,X, — 1.50X;X,,

in which Y, (%) is the oil separation efficiency and X, X,,
X; and X, are the coded values for oily water flow rate (mL/
min), microbubble flow rate (mL/min), biosurfactant solu-
tion flow rate (L/min) and biosurfactant concentration (g/L),
respectively. The evaluation of the empirical model was per-
formed using ANOVA (Table 5). The p value <0.05 and
F> 4 (with a96% confidence interval) indicate that all terms
were statistically significant. The good reproducibility of the
experimental data was demonstrated by low pure error value
(0.024). The oily water flow rate was the most important
factor to the increase in separation efficiency, followed by
biosurfactant concentration. The coefficient of determina-
tion (R*=0.86695) ensured the goodness-of-fit of the model
(R=0.72367), as the predicted X observed values were dis-
tributed close to the slope (Fig. 4), thereby validating the
prediction model.

The findings demonstrate that the most significant vari-
ables for the biosurfactants of both strains used as alter-
native collectors were exactly the same (Figs. 3, 5) and
the levels selected for the best results were quite similar
(Tables 2, 4). Comparing the performance of the two bio-
surfactants, the concentration of the tensioactive agent
from B. Cereus UCP 1615 was half that of the tensioactive
agent from P.cepacia CCT 6659 under the best conditions
selected. The biosurfactant from P.cepacia CCT 6659 also
demonstrated good removal efficiency on Run 22 (80% oil
removal rate) (Table 2), with a higher oily effluent flow
rate (enabling a greater volume of treated water) and a
lower biosurfactant concentration in comparison to the
condition with the best result (Run 8), which is of greater
interest in terms of the cost of the process.

Table 5 Analysis of variance

(ANOVA) for separation Factor Sum of squares E:f(r]:;: of Mean square F ratio p value®

efficiency in bench-scale DAF

system using biosurfactant X, (L) 1943.1001 1 1943.1001 82016.1845  0.0000000938863253

S S X, (Q 0.34620026 1 034620026 14612744 00315164775

1615 as alternative collector
X, (L) 76.8626042 1 76.8626042 3244.2886  0.0000119209214
X, (Q) 65.8276565 1 65.8276565 2778.51522  0.0000150379683
X; (L) 5.69400417 1 5.69400417 240.337847  0.000583136478
X; (Q 62.105794 1 62.105794 2621.41937  0.0000164085382
X, (L) 168.593004 1 168.593004 7116.13102  0.0000036718521
X, (Q) 67.226169 1 67.226169 2837.54495  0.0000145715552
X, (L)xX, (L) 166.216556 1 166.216556 7015.82369  0.00000375085213
X, (LyxX; (L) 159.201306 1 159.201306 6719.71746  0.00000400139668
X, (L)xX, (L) 73.9170062 1 73.9170062 3119.95805  0.0000126399898
X, (LyxX;5 (L) 557.786306 1 557.786306 23543.5655  0.000000610373951
X, (Lyx X, (L) 736.715306 1 736.715306 310959679  0.000000402128034
X; (L)x X, (L) 35.9700062 1 35.9700062 1518.25563  0.0000371898632
Lackof fit 625.847442 10 62.5847442 2641.63535  0.0000109157168
PurcError 0.071075 3 0.0236916667
Total square sum  4704.51732 27

R*=0.86695; adjusted R*=0.72367

L linear effect, 2 quadratic effect
“p <0.05 significant at 5% level
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Table 6 displays the comparative data for the produc-  regarding the separation efficiency of the DAF process. The
tion variables as well as the performance of the biosur-  tensioactive agent from P. cepacia CCT 6659 proved to be
factants from P. cepacia CCT 6659 and B. cereus UCP 1615 more promising for application in the DAF-biosurfactant

Fig.4 Plot of predicted vs. 80
actual separation efficiency /
achieved using biosurfactant 70 o
isolated from B. cereus UCP / 0
1615 o
® i
- 0 /
>
3 40
=2
¥y
20
o
. 5
/
0
0 10 20 30 40 50 60 70 80 90
Observed Values
Fig.5 Pareto chart showing ) ] — X ¥ : ¥ X
effects of observed factors and (1)Oily water flow rate (L/min), X1(L) I I 256385
combined impact on separation 2LbyaL 7 .176.34
efficiency in DAF system using e
biosurfactant isolated from B. 2Lby3L = ] 153.4391
cereus UCP 1615 (4)Biosurfactant concentration (g/L), X4(L) -84.3572
1Lby2L ~ -83.7605
1Lby3L - -81.9739
(2)Microbubble flow rate (L/min), X2(L) -56.9587
1Lby4L - -55.8566
Biosurfactant concentration (g/L), X4(Q) -53.2686
Microbubble flow rate (Umin), X2(Q) - 527116
Biosurfactant solution flow rate (L/min), X3(Q) -51.1998
3Lby4L -38.9648
(3)Biosurfactant solution flow rate (L/min), X3(L) -15.5028
Oily water flow rate (L/min), X1(Q) 3.822662

p=.05

Table6 Comparative performance of isolated biosurfactants from P. cepacia CCT 6659 and B. cereus UCP 1615 regarding separation efficiency
in DAF process

Biosurfactants Surface tension  CMC (mg/L)*" Yield (g/L)*" Maximum separation Model determina-
(lem)“‘"‘ efficiency (%) tion coefficient
(R*)
Isolated from P. cepacia CCT 6659 27.01 600 8.01 94.11 0.8691
Isolated from B. cereus UCP 1615 27.50 500 4.60 80.01 0.8669

"Data obtained from Silva et al. [14]
"Data obtained from Silva et al. [16]
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system, as this strain produced twice the yield in terms of
the concentration of the biomolecule in comparison to the
biosurfactant from B. cereus UCP 1615. Moreover, the
biosurfactant from P. cepacia CCT 6659 achieved a bet-
ter removal efficiency result. The biosurfactants from both
strains demonstrated equivalent characteristics with regard
to the other variables.

For the validation of both prediction models (Egs. 1
and 2), the biosurfactants from P.cepacia CCT 6659 and
B. Cereus UCP 1615 were evaluated in their formulated
forms using the best process conditions (Runs 8 and 7,
respectively). The isolated biosurfactant was used during
the previous variable optimisation process to avoid interfer-
ence in the statistical error of the models due to the occur-
rence of other biomolecules in the cell-free broth. Table 7
displays the results of the application of the models. The
formulated biosurfactant from P. cepacia CCT 6659 demon-
strated an excellent performance in removing the oily frac-
tion compared to the 53.74% oil removal rate without the
use of the biosurfactant as the alternative collector (using
only microbubbles). In contrast, the oil removal efficiency
of the formulated biosurfactant from B. cereus UCP 1615
decreased around 10% in comparison to this biosurfactant
in its isolated form. Therefore, the formulated biosurfactant
from P. cepacia CCT 6659 was selected for the subsequent
evaluations.

Separation of oily water from effluent
from thermoelectric plant

Table 8 displays the physicochemical characteristics of an
actual oily effluent from the Candeias thermoelectric plant
(Candeias Energia S/A). The effluent contained a signifi-
cant quantity of oily content and was highly turbid, likely
due to the high content of suspended solids. A considerable
amount of sulphide was also detected. Using the Brazilian
environmental legislation (CONAMA Resolution 430/2011)
[6] as reference, the oil, grease and turbidity of the effluent
were above acceptable limits and adequate treatment was
required.

Table 7 Oil fraction removal percentage using biosurfactants from P,
cepacia CCT 6659 and B. cereus UCP 1615 and microbubbles in flo-
tation process

Conditions Oily fraction

removal (%)

Oily effluent (control) -
5374001

Microbubbles
Formulated biosurfactant from P. cepacia CCT 6659  98.25+0.02
Formulated biosurfactant from B. cereus UCP 1615 70.87 £0.01

Table 8 Physicochemical characterisation and chemical properties of
oily effluent from thermoelectric plant (Candeias Energia S/A)

Parameter Value/unit CONAMA
43012011 specifi-
cations

Oil and grease® 103 mg/L 20 mg/L

Sulphide* 0.45 mg/L. I mg/L.

pH 7.2 5-9

Turbidity 120.22 NTU 40 NTU

Conductivity" 310 mS/m -

BOD* 98 mg/L. -

Ccop* 500 mg/L. -

Suspended solids® 95.70 -

“Data obtained from Candeias thermoelectric plant (Candeias Energia
S/A)

The efficiency of the treatment process was evaluated
based on the removal of the oily fraction and turbidity of
the effluent in the flotation system. Table 9 displays the
results of the tests performed with the bench-scale DAF
prototype and the isolated and formulated forms of the bio-
surfactant from P. cepacia CCT 6659 applied to the effluent
from the Candeias thermoelectric plant. The data indicate
significant oil removal with both forms of the biosurfactant
when compared to the process with the microbubbles alone.
In particular, the formulated biosurfactant achieved an oil
removal rate that left the effluent below the limit established
by legislation (<20 mg/L). The formulated biosurfactant
from P. cepacia CCT 6659 achieved a reasonable reduction
in turbidity of the effluent (around 18.93%). whereas the
isolated form achieved a reduction in turbidity of around

Table9 Oil removal rates using flotation process and total turbid-
ity of oily effluent from thermoelectric plant (Candeias Energia S/A)
using the biosurfactant from P.cepacia CCT 6659 in formulated and
isolated forms as alternative collector

Conditions Removal of  Turbidity Removal (mg/L)
oily fraction  (NTU)
(%)
Oily effluent - 120.22+0.03 -
(control)
Microbubbles  63.65+0.02  106.52+0.02 65.56+0.03
alone
Isolated biosur-  75.74+0.01  51.39+0.01 78.01 +£0.01
factant from P.
cepacia CCT
6659
Formulated 95.70+£0.02  97.46+0.01 98.57+0.02
biosurfactant
from P. cepa-
cia CCT 6659

Results are expressed as mean + standard deviation
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57.25% (o 51.39 NTU), which is near the limit specified by
legislation (<40 NTU).

These data demonstrated that, under actual conditions
of the routine of the thermoelectric plant, the treatment of
the oily effluent by combining DAF with a bacterial bio-
surfactant would ensure adequate effluent treatment on the
industrial scale and enable the reuse of the clean water for
different activities within the plant. The DAF system alone
was not sufficient to bring the oily effluent to within the
maximum limits established by Brazilian legislation [6].
The formulated form of the biosurfactant from P.cepacia
CCT 6659 proved to be more adequate as an alternative col-
lector for reducing the oily content of the effluent. In turn,
the isolated biosurfactant from P.cepacia CCT 6659 proved
to be more indicated for application in a subsequent step
of the process, assisting in the reduction in the turbidity of
the effluent associated with a continuous water recirculation
system in the DAF process.

Few studies report the use of biological surfactants as col-
lectors/coagulants in dissolved air flotation processes. One
of the first studies conducted in Brazil on the development
of DAF-biosurfactant systems for the treatment of oily water
involved the use of a crude biosurfactant obtained from the
yeast Candida sphaerica UCP 0995 cultivated in industrial
waste during 6 days of fermentation. The authors reported
an increase in the efficiency of separating oil from a syn-
thetic effluent from 80.0% (using microbubbles alone) to
98.0% (in the presence of the biosurfactant) in a pilot-scale
DAF system [9]. In a study conducted by Lins et al. [21], a
crude biosurfactant obtained from C. lipolytica UCP 0988
(cultivated for 3 days using industrial waste as the substrate)
led to an improvement in oil removal from an actual efflu-
ent comprised of waste frying oil in a pilot DAF system,
achieving an oil separation rate of 95.5%. In a more recent
study, Luna et al. [13] applied a crude biosurfactant from
C. guilliermondii UCP 0992 in the treatment of a synthetic
oily effluent using a bench-scale DAF system, achieving an
increase in the removal efficiency from 40% (microbubbles
alone) to 92% with the crude biosurfactant.

The better performance of DAF systems with the use of a
biosurfactant as an adjuvant in the process is undeniable. In
the present study. biosurfactants obtained in a rapid-growth
fermentative medium (2-2.5 days) were used rather than
long-growth media for yeasts (3-5 days), the biosurfactants
of which have previously been employed more in innovative
DAF-biosurfactant systems for the treatment of oily water.
Moreover, the biosurfactants were evaluated in their iso-
lated and formulated forms, which ensures greater stability
and durability of the end product and offers an advantage
over the use of the cell-free broth (crude biosurfactant) [19].
The formulated form of the biosurfactant from P. cepacia
CCT 6659, which was selected for use in the DAF system
in the present study, has previously been characterised with

regard to its economic viability for use on an industrial scale
[22], which ensures the technical-economic viability of the
DAF-biosurfactant system presented herein.

Conclusion

The present study demonstrated the considerable potential of
biosurfactants as alternative collectors in a DAF system. The
central composite rotatable design proved to be an excel-
lent method for the identification of optimum variables to
enhance the oil separation efficiency of a DAF system. The
biosurfactant produced by P. cepacia CCT 6659 enabled a
significant increase in the oil removal rate. Moreover, the
use of industrial waste products in the acquisition of the
biosurfactant is in line with current concerns for sustainable
practices. The treatment of industrial effluents and oily water
using the DAF-biosurfactant system developed herein can
contribute to a reduction in environmental degradation and
the improvement in the quality of water resources. There-
fore, the present study describes a favourable, efficient strat-
egy for the decontamination of oily industrial effluents.
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. CONCLUSOES

Os resultados obtidos nessa pesquisa permitem as seguintes conclusdes

A utilizacdo de residuos industriais como substratos de baixo custo foi
favoravel ao crescimento da bactéria P. aeruginosa UCP 0992 e a produc¢éo
do biossurfactante.

A maximizacdo da producdo do biossurfactante de P. aeruginosa UCP
0992em biorreator foi alacancada com a utilizagao do planejamento fatorial,
possibilitando futura aplicagbes dustriais do tensoativo na reducéo da
contaminacgao provocada por petréleo e derivados em ambientes industriais
a um custo reduzido.

O biossurfactante produzido reduziu consideravelmente a tenséo superficial
da agua, demonstrando elevada capacidade emulsionante e dispersante de
compostos hidrofébicos.

Obiossurfactante demonstrou estabilidade em condicbes ambientais
extremas de salinidade, temperatura e variacdes de pH.

O biossurfactante obtido foi caracterizado como um tensoativo de natureza
glicolipidica.

O biossurfactante produzido apresentou potencial de remocao de derivado
de petrdleo adsorvido em areia sob condi¢des estaticas e cinéticas.

A bactéria e seu biossurfactanteapresentaram grande potencial de aplicacédo
em processos de biorremediacéo de 6leo em agua do mar e em areia.
Apresenca do biossurfactante potencializou a capacidade de degradacéo do
Oleo pela bactéria em agua do mar e em areia.

A aplicacdo dobiossurfactantecomo coletor natural aumentou a eficiéncia de
separacao de o6leo no prototipo de FAD de bancada.

O protétipo de FAD pode ser aplicado no tratamento de aguas oleosas, a
depender do tipo de efluente e dos niveis de remocao de 0Oleo exigidos pela
legislagdo amboental, na auséncia do biossurfactante como coletor.

A maximizacdo da separacdo do Oleo foi alacancada com a utilizacdo do
planejamento fatorial.

O biossurfactante bruto, isolado ou formulado pode ser aplicado com
eficiéncia no protétipo da FAD, sendo a selecdo da forma de aplicacédo

dependente das condi¢des disponiveis a nivel industrial.
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A viabilidade do sistema FAD-Biossurfactante foi comprovada pela eficiéncia
de remocao de 6leo por dois biossurfactantes produzidos por Psedomonas
cepacia CCT6659 e outro por Bacillus cereus UCP1615, previamente
caracterizados.

O biossurfactante de Pseudomonas cepacia CCT6659 na sua forma
formulada, se mostrou efetivo como coletor alternativo na eficiéncia do
processo FAD para a remocao de 6leo e na reducao da turbidez do efluente

de usina termoelétrica.
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The effluent production of oily water type has generated many environmental problems for several industries.
The use of flotation as a separation process of oily waters has been described, although it has been
sometimes criticized due to the toxicity of collectors. The development and use of biodegradable surfactants
may enhance the further acceptance of this separation technology. In this sense, the dissolved air flotation
(DAF) process continues to be widely used in industries, both for water and wastewater supplies. The use of
collectors is essential to improve the efficiency of the process, due to its specific characteristics that facilitate
the adhesion of the particles and, consequently, the separation of the pollutants. These surface-active
molecules of biological origin also have several advantages over synthetic surfactants such as higher
biodegradability, higher foaming, less toxicity, better environmental compatibility, more tolerant to pH, salt, and
temperature variation, and higher selectivity for metals and organic compounds and can be synthesized from
renewable feedstocks. The aim of this study was to investigate a water-oil separation by DAF, with and
without the addition of biosurfactant produced by Pseudomonas cepacia CCT 669 in mineral medium and
formulated with 2.0% of corn steep and 3.0% of canola waste frying oil at 28°C for 60 h under 200 rpm. The
experiments used to compare the effects of the addition of biosurfactant followed an experimental planning
CCRD, where the response variable was the separation efficiency. Results indicated the biosurfactant added
a considerable value to the process, increasing from 41.0% to 98.0% the separation efficiency, presenting
potential of application as a collector of oily contaminants in the DAF process form.

1. Introduction

Petroleum industry and related industries unavoidably generates large volumes of oily wastewater which has
become an urgent challenge for most oilfield and petroleum company focusing attention toward efficient
treatment techniques. Effluent production of oily water type has generated many environmental problems for
several industries (Yu et al., 2013).

Separation technologies such as centrifugation, ultrafiltration, decantation, flotation, and flocculation are
examples of physical/chemical processes effectively used for the separation of oil-water mixtures
(Painmanakula et al., 2010). In this context, the flotation process has proven to be quite efficient, with the
capability of removing a larger amount of oil in comparison to other methods (Albuquerque et al. 2012).
Flotation is a bubbles adhesion based particle separation process. The oil particle-bubble union has less
density than the aqueous medium and floats to the surface of the flotation chamber, where the oil particles are
removed (Bahadori et al. 2013). Flotation was first used in mineral processing and has long been employed in
solid/liquid separation processes that involve the use of stable foams to recover mineral particles (Peng et al.
2009).

With the industrial sector development, the flotation process application was improved, leading to the
emergence of dissolved air flotation (DAF), which involves solute removal through adsorption, co-precipitation
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or occlusion in a floc transporter and subsequent release by the addition of an adequate tensioactive agent
(Beneventi et al. 2009). With DAF, the water is saturated with pressurised air through a nozzle, forming
bubbles that reach the flotation chamber, which is at atmospheric pressure. The air becomes supersaturated
and precipitates from the solution in the form of small bubbles (Babaahmadi, 2010; Rocha e Silva et al. 2015).
The use of flotation as a separation process of oily waters have been widely employed wastewater treatments,
of oil industries (Bahadori et al.,, 2013; Rocha e Silva et al. 2015). The dissolved air flotation may be
considered as a clean technology since it uses small quantities of coagulant and air to promote separation.
The size, speed, and bubbles, along with the velocity gradient are important parameters to control the
efficiency of the process and operating costs (Babaahmadi, 2010). On the other hand, this technique has been
sometimes criticized due to the toxicity of the synthetic surfactants used as collectors in this process
(Menezes et al., 2011). Surfactants are compounds composed of amphipathic molecules with a hydrophilic
portion and a hydrophobic portion that partition at the oil/water or air/water interface. The apolar portion is
often a hydrocarbon chain, whereas the polar portion may be ionic (cationic or anionic), non-ionic or
amphoteric. These characteristics enable surfactants to reduce surface and interfacial tension and form
microemulsions, in which hydrocarbons can be solubilised in water or vice versa (Almeida et al. 2016).
Currently, the development and use of biodegradable surfactants (biosurfactants) has helped to increase
acceptance of this separation technology (Rocha e Silva et al., 2015). Biosurfactants are amphipathic
molecules that reduce the surface and interfacial tensions of liquids. Such compounds have a predilection for
interfaces of dissimilar polarities (liquid—oil) and are soluble in both organic (non-polar) and aqueous (polar)
solvents (Silva et al., 2014). These surface-active molecules of biological origin also have several advantages
over synthetic surfactants such as higher biodegradability, higher foaming, less toxicity, better environmental
compatibility, more tolerant to pH, salt, and temperature variation, and higher selectivity for metals and organic
compounds and can be synthesized from renewable feedstocks (Menezes et al., 2011).

The aim of this study was to investigate a water-oil separation by DAF, with addition of biosurfactant, in a pilot-
scale DAF system. The experiments used to evaluate the effects of biosurfactant addition followed an
experimental planning CCRD, where the response variable was the oil removal efficiency.

2. Materials and Methods
2.1 Materials

All chemicals were of reagent grade. Growth media were purchased from Difco Laboratories, USA. Canola
waste frying oil was received from a local restaurant in Recife-PE, Brazil and was stored according to
supplier's recommendations and used without any further processing. Corn steep liquor was obtained from the
Ingredion Brasil factory, Cabo de Santo Agostinho-PE, Brazil.

2.2 Bacterial strain and inoculum preparation

A strain of P. cepacia CCT6659 was provided from the culture collection of the Fundacdo André Tosello de
Pesquisa e Tecnologia, Campinas city, Sdo Paulo, Brazil. The microorganism was maintained in nutrient agar
slants at 4°C. For pre-culture, the strain from a 24-h culture on nutrient agar was transferred into 50 ml nutrient
broth to prepare the seed culture. The cultivation condition for the seed culture was 28°C, 200 rpm, and 24h of
incubation time.

2.3 Biosurfactant production

The fermentation for the biosurfactant production was carried out in distilled water containing 2% of canola oil
residual, 3% of corn steep liquor, 0.2% NaNOs3, 0.05% KH2PO4, 0.1% KoHPO4, 0.05% MgSOs .7H20, 0.01%
KCIl and 0.001% FeSQO4 .7H2O. After media preparation, the pH was adjusted to 7.0 and these were
autoclaved at 121°C for 20 minutes. The culture was incubated in a rotary Marconi MA832 shaker (Marconi
Laboratory equipment, SP, Brazil) for 60 h at 200 rpm (Silva et al., 2013).

2.4 Surface tension measurement

Surface tension was determined in the cell-free broth obtained by centrifuging the cultures at 10,000 x g for 15
min. Surface tension was determined with a Tensiometer (Sigma 700, KSV Instruments Ltd., Finland), using
the Du Nouy ring method at room temperature (Silva et al., 2014).

2.5 CCRD Experimental factorial design

In order to study biosurfactant potential as an alternative collector on the oil-water separation in a DAF pilot
scale system prototype (Figure 1), central composite rotational design (CCRD) application was performed.
The independent variables were coded at five levels (-2.00, -1.00, 0.00, +1.00, +2.00) and the complete
design consisted of 28 experimental points including 4 replications of the central points. The coded levels of
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the independent variables used in the experimental design are listed in Table 1. The response variable was
the oil removal efficiency of the pilot prototype. All determinations were performed at least three times.
ANOVA, regression coefficients and the construction of graphs were performed using the Statistica® program,
version 10.0 (Statsoft Inc, USA).

Table 1: Experimental range and levels of independent variables for oil removal efficiency in the pilot scale
DAF system with use of the biosurfactant

Levels Oily Water Microbubble Biosurfactant Biosurfactant
Flow (X4)* Flow (X2)* Flow (X3)* Concentration (X4)**

-2.00 2.50 5.00 0.50 0.05
-1.00 5.00 5.50 1.00 0.15
0.00 7.50 6.00 1.50 0.25
1.00 10.00 6.50 2.00 0.35
2.00 12.50 7.00 2.50 0.45

* (/min); ** (g/L)

Figure 1: Three dimensional scheme of pilot scale DAF system. Oily water storage tank (1); Flotation chamber
(2), Second section where separation between treated water and oily foam formed (3); Oily foam collectors
(4), Chamber of treated water collection (5); Return pump for treated water (6);, Microbubble production pump
(7); and oily water production pump and DAF chamber feed (8)

3. Results and Discussion
3.1 Biosurfactant production

The properties and integrity of the biosurfactant produced were verified prior to the tests for the study of its
potential as an alternative collector. The biosurfactant produced was able to reduce the surface tension of the
culture medium from 55.0 mN/m to 28.0 mN/m corroborating with the results obtained by Soares da Silva et al
(2017) under the same conditions evaluated.

3.2 Evaluation of water-oil separation efficiency using biosurfactant in the DAF system

The CCRD matrix and corresponding results are given in Table 2.

As a result, the effluent flow rate of 5.00 L/min, microbubble water flow of 5.50 L/min, biosurfactant flow rate of
1.00 L/min and biosurfactant concentration of 0.35 g/L were the more favorable parameters for the oil removal
process using this type of biosurfactant, reaching a percentage of removal of 98.25% (Run 2), compared with
41.20% of oil removal without the use of the biosurfactant as an alternative collector. The results were not
favorable for biosurfactant action of the in the DAF process occurred in the tests 10 and 11 (11.08 and
12.09%, respectively), which was probably due to the considerable increase of the effluent flow (oily water)
and low concentration of the biosurfactant which must have influenced negatively in the micelles formation
and compromised the collision between the microbubbles and the particles of the oil.
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Table 2: Experimental design results matrix and values of observed factors on separation efficiency in the
pilot scale DAF system with use of biosurfactant

Runs Oily Water Microbubble Biosurfactant Biosurfactant Removal
Flow (X4) Flow (X2) Flow (X3)  Concentration(X,) efficiency (%)(Y)
1 5.00 5.50 1.00 0.15 63.20
2 5.00 5.50 1.00 0.35 98.25
3 5.00 5.50 2.00 0.15 85.18
4 5.00 5.50 2.00 0.35 73.83
5 5.00 6.50 1.00 0.15 65.38
6 5.00 6.50 1.00 0.35 49.76
7 5.00 6.50 2.00 0.15 37.82
8 5.00 6.50 2.00 0.35 80.86
9 10.00 5.50 1.00 0.15 80.20
10 10.00 5.50 1.00 0.35 11.08
11 10.00 5.50 2.00 0.15 12.09
12 10.00 5.50 2.00 0.35 71.74
13 10.00 6.50 1.00 0.15 63.95
14 10.00 6.50 1.00 0.35 36.36
15 10.00 6.50 2.00 0.15 29.59
16 10.00 6.50 2.00 0.35 30.39
17 2.50 6.00 1.50 0.25 51.38
18 12.50 6.00 1.50 0.25 19.08
19 7.50 5.16 1.50 0.25 34.13
20 7.50 6.84 1.50 0.25 42.42
21 7.50 6.00 0.50 0.25 40.00
22 7.50 6.00 2.50 0.25 51.37
23 7.50 6.00 1.50 0.05 38.89
24 7.50 6.00 1.50 0.45 73.44
25 7.50 6.00 1.50 0.25 51.88
26 7.50 6.00 1.50 0.25 46.61
27 7.50 6.00 1.50 0.25 47.29
28 750 6.00 1.50 0.25 50.54

The Pareto diagram shown in Figure 2 shows the statistical significances of the studied variables at p-values
(< 0.05). As can be observed, the Oily Water Flow (X1) was the most significant variable for the process and
its increase causes a decrease in the efficiency of oil removal by the system. The Biosurfactant Flow did not
present statistical significance (Xs), however, its concentration (Biosurfactant Concentration) was positively
correlated with the oil removal efficiency.

Figure 3 displays the fitted response surface plots for oil removal efficiency shown by Pareto diagram of the
statistically significant interactions. The combination of greater oily water flow and greater microbubble flow led
to maximum oil removal efficiency (Fig. 3A) and the elliptic curve found in the graph indicates a high degree of
interaction of these variables. Figure 3B shows that high oil removal efficiency was also achieved when both
oily water flow and biosurfactant concentration were maintained at their maximum levels. Better oil removal
efficiency was found when the biosurfactant flow and biosurfactant concentration was maintained at its
maximum level (Fig. 3C), however, these interactions were weak and did not produce well-defined regions in
the graphs.
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Figure 2: Pareto’s Chart of the Central Composed Rotate Design.

In another study conducted by Rocha e Silva et al (2015), a biosurfactant obtained from Candida sphaerica
UCP 0995 also promotes an improvement of the oil removal in the DAF system. The authors reported
increasing separation efficiency from 80.0 to 98.0% in the presence of biosurfactants. The results demonstrate
a better performance of the bench scale system using the biosurfactant as a coadjuvant in the DAF process,
compared to the action of the microbubbles only without the use of this alternative collector. This confirms the
potential of these microbial biomolecules as an aid in the removal of hydrophobic compounds in Dissolved Air
Flotation. In addition, it is important to highlight that the biosurfactant from P. cepacia CCT 669 was produced
in a culture medium prepared only with industrial waste products, which further reduces the process costs,
since substrates used in the production of biosurfactants account for 20 to 30% of the production cost (Hazra
et al., 2012; Santos et al., 2016). The low cost of the proposed DAF process is evident by the small amount of
biosurfactant (350 ppm) required to achieve maximum efficiency (run number 2 in Table 2). As many
industries generate huge amounts of oily waters that require adequate treatment before being discarded or
reused, the benefits of treating oily waters with the system developed herein demonstrates its considerable
market potential. Therefore, biosurfactants are promising coagulants and/or dispersants capable of increasing
the efficiency of this technique.

Figure 3: Response surface plots and contour plots for maximum removal efficiency for the 28 experimental
runs carried out under conditions established by CCRD; removal efficiency as function of (A) oily water flow
and microbubble flow; (B) oily water flow and biosurfactant concentration; (C) biosurfactant flow and
biosurfactant concentration.

4. Conclusions

The present study demonstrated the effectiveness of using a central composite rotational design to identify the
optimum parameters for increase oil removal efficiency in DAF system. The above results confirm the great
potential of the biosurfactant to be used as an alternative collector, since these microbial surfactants act as
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true "molecular glues”, interacting with the oil and the air bubbles, facilitating the oil transportation during the
process flotation, as evidenced by the results presented.
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lipids produced by Peeudomonos germs wsing lowscost and renewahle
raw material have been reparted in heramne (Sarubbo =t al, 20015
Santos et al., 2016). However, o ouwr lmowledge, no reparits hawve been
published on bisurfactnt producton from industrial residues by the P
cEpacia strain

Thus, emvimmmenta]l and economic ssues have motivated the
campletion of this study that presents bimwrfactant production by a P
cepacia strain, mded 2= P. cqpada OCTHGRY, using a previously opti-
mized mineral low-cost medum supplementsd with waste frying ol
and mm steep bquaor as substraes (Siha =t al , 201 32, b; Kocha = Silva
et al., 2014 This study also describes the Kmtetics of biosurfsctant
production, its chamacer zation, swface active properties, «=mul sifying
and hydmphobic compomnds removal @pacity, and toddty. The ap
plication af the bicmurfactant in the envinmnment was also invest gated.

2. Materials and methods
21 Marriaok

All chemicals were of rexgent grade. Growth media wenre purchased
from Difco Laboatories, USA Canols weste frying oil wes remsived
from a lo@] resurant in Redie-PE Brazi and wes stored according o
supplier’s recommendations and used withowt any further processing.
Corn stesp liuar wes obwined from the factaory Com Produds do
Brasil, Cabo de Santo AgmetinhoPE, Braml
23 Racterial crain and preparation. of sead culhure

A strain aof P. cepaga QCTH659 wes provided from the culiure
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callection of the Pundagio André Tosello de Pesquisa & Teonologia,
Campinas city, 550 Faulo, Braril. The culiunes wene mainiined in m-
trient agar slants at 4 *C. For preculiune, the stain foma 24-h oolwre
an nuiTient agar was ramsfered into 50 ml nurient broth to prepare
the seed culmre. The cultivation condition for the seed culture was
28"C, 150 rpm, and 10-14h of mmbation time.

23 Femmbtation media

Production media that was used for lquid submerged fermentation
have the following composition (%): cannla waste frying od (2}, @m
steep liqmor (), NaNO; (0.2), FKHyPO., (0005, KiHPO, (1),
MgS0y, THLO (053, KC (01} and PeS0,TH,0 (0.001) and the pH
was adiusted o 7.0 by LOM HCL. The media werne sterilimed by anto-
claving at 121 °C for 15 min. Fermentation was carried out in 500 ml
Erlenmeyer flasks with a 100 m] working volme. For inooulation, the
flak s wene allowed 10 coal down to mom temperatune (27 “C) before
transferring 24 (v/v) primary inomla of the cell suspension of 0.7 OD
{optical demsity) at &00nm, @m=sponding to an inoculim of 17
CF.U./ml into the producion media. The cultures wers incubated in a
mtary New Brumswick C-24 shaker {(New Brimswick Scientific, NI,
USA) for 60h at 250 rpm. Thers was no adjwstment of pH during cul-
tivation. The initial surface tension of the production media prior to
imoculation was 55 mi/m. All experiments were carmied out in tripli
cate. The kinetics of microorganism growth and bicsurfactant produc:
tion wene manitored alng fermentation. At regular mtervals, different
proosss parameters such as growdh, pH, mfae tension, and bio
surfactant concentration wene evaluted.

24, Homass degrmenation

For biomaes detrmination, 10ml samples were centrifuged at 5
000 g during 30 min and the cd] pellst dried in an oven at 105 °C far
2 h.

25 Bmlcfying acthity wigh diferent hydrophobic compeonds

Emukification index (ET) was mezsmned wing the methad described
by Cooper and Goldenberg (1987), whereby 2 ml of a liguid hydro
phobic mmpomnd (motor oil, lnbricating oil, diesel, kerosene, ndhex-
ad emne and vegetahl = ails ) was added to 2 ml of the culture broth fres
af cells in a gradonated soewoap test mbe, and vorewsd at high spesd
for 2min The emukion swbility wes detrmined afier 24h and the
emulsifiction index was caloulsted by dividing the mesmred height of
the emulkion layer by the mivmre's otal height and multiplying by 1040

26 Sarface endon and CMC determination

The surface tersion of the mlture supematants obtained by on-
trifuging the oultunes at 5000 7 for 20 min was meamred wing a Sigma
700 digital swface tensiomeier (KSV Instruments LTD - Finland)
waorking an the principle of the In Nuoy ring method Ten millilibers
volume of each sample wes transferned into a clean X0 ml beaker and
placed onin the Ensiometer platform. A platinum wine ring was sube
merged into the solution and then slowly pulled through the ligquid —air
interface, to messure the swiace tersion (mN/m]. Betwesn eaxch mea-
sur=ment, the platinum wire ring was rimsesd with chromic add, deio-
nissd water, aceone and finally flamed and wes allowed to dry. The
calibaton was done using Mill-(-4 uhrapure distilled water (surface
temsion = 71.5 mM/m = (5] before king samples mezmunemesnt

The aritical micelle ancentration (CMC) was deatermined wming the
same ejuipment, by mesuring the surface #ensions of dilntions of
isila ted i urfactant in distillsd water upto a @nstnt value of surface
tension. Stabilization was allowed to oour mntil standand deviation of
10 suressive messurements was k= tham 0.4 mN/m. Each result wes
the awverage of 10 determinations a frer stabiliztion. The value of CMC
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wars obiained from the plot of surface temsion against surfackant comn-
centration.

27 Efec of smvinommental fachors on binorfoachant achivity

The effect of addition of different concentrations of Nall an the
activity of the bicurfacant was nvestigated in the cell-free broth. A
spedfic concentration of NaCl (2-12%, w/v) was sddad and surface
temsion and emukbification activity were determined a5 previously
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cepacia CCTH659 isolate was chamacterized by Pourier tramsform in-
frared spectroscopy (FTTR)L The FTTR spectrum 400 Perkin Fmer, with
aresalution of 4 cm ™", wers mleded from 400 @ 4000 wav=mmbers
{om= "L

213, Gas deoenaio gaphy and mass specroampy (G- MS)

The Bty adds sample (hydrophobic mai=ty) of the biosurisctant

mm@ﬁuhtmlhmnmrﬂ:lmmtm
tune {0, 5 24, 70, 100 and 120°C) for &0 min and used far surface
tension and emulsification measurements. The effect of pH on surface
temsion and emulsfication wes svaluated after adjustment of the broth
pH to 2, 4, 6, & 10 and 12 with §.0M NaOH ar H{OL

28 Foarfaches isolohion

The hinsurfactants was extracted from mlure media after o=l ne.
maval by centrifogation at 5000 g for 30 min The supematant pH was
adjusted 0 2.0 with &0 M HCL and an squal volume of CHC/CH, OH
{2:1, w/v) was added. The mivture was vigorously shaken for 15 min
and allowed to set it phase separation. The organic phase was n=-
maved and the operation was repeaisd twice. The product was om-
cenirated from the pooled orgamic phases using a rotary evaporthor.
The viscous yelowish product olbtained was dissohved in methanal and
cancentratsd a gain by svaparation ofthe solvent at45 "C (Rodha = Silva
et al., 2014 After extraction, the produc was treated with 2 base and
erystallized for maximum removal of impurites.

29 Foorfastos charactenistion by shin-layer chromaography

Afiter isolating the hiosurfactant, a sample of 0.1 g wes dissolved in
methanal and analysed by thin yer chromatography (TLC) an silica
gl plates (G Menck, Germany i to @loulate the retention fadtor, ie,
Ry values. Chromatograms wene developed with dhlomoform: methamo-
Eacatic acid (65:152, v/v) and the detection was done by the following
methods: (1) exposre o iodine vapouns for lipid stains, (2) exposure
the Molish rexgent for sugar detection and (3) exposure to 1% ninhy-
drin solution for free amino groups. The reagents were sprayed, and the
plates were hexted for 30-40 min at 110°C until the appearanoes of the
respective colowr ([eshpande and Daniels, 1995 Santos =t al, 20020

2 10, Determination of bingurichant ionic characer

The imnic charge of the bi crurfactant was de=ermined using the agar
double diffusion technigque (Meyheus et al, 20010 Two regulardy
spaced rows of wells were made in an agar of low hardness (1% agar).
Wdk of ane row were filled with the bisswfactant solution and wells of
the ather were filled a pure compound of known imnic charge. The
anionic substanee dhasen was sodium dodecy] sulphate (SDS) 20 Mm
and the @tionic ane was barium chlaride, 50 mM. The appearance of
precpitation lines hetween the wells, indicative of the imnic characier
af the bicurfactmt, was manitored over a 48-h period at ambient
tempeTatuTe.

2 11. Nucknrmagnsic resonamce oo opy

The extracted bicsurfadant wes redissolved in denterated chloro-
form {CDEH) and the mespective 'H NMRE spectra wers reconded at
25"C using a Agilent 300Mz spectrometer operating at 300,13 MHz
Chemical shifts () are given on the ppm scale melatve to tetra-
mesthy lilane (TMS)

2 12. Fourisr tremsform infrared sparirozsopy

The bimwrfactant svtract recaversd from the supematant of the B

hsed on ges  chomatographamass spectrometer  system
ﬂh.u'm.-uSuﬂ'l:ﬁcTnulmﬂ B Sngle Quadrupale) squipped with
a TGMS-5 column (30 m = (.25 mm. 0 25um film thickness ). Imitial
oolmmn wnfﬂffuﬂmﬁ,ﬂmm.pﬂdtlﬂ'ﬂmjn_"
ta 30070 and held for 15 min 1 pl sample was injectad Helium was
used as carmmier gas. The injecior and detecor temperatunes wens
maintained at 300 and 280 ", respectively.

ia saline as o

214, Tedeity ag

The tmeicity assay was performed with the biosr &sctamt using brine
shrimp (the microcnetaosan Arenda saling) 2 the inxcity indicatar.
Brine shrimp =ggs wers obtained in a local sinry. Larvas were ussd
within 1 day of hatching. The assays were conducted in penicillin nhes
af 10 m] capacity containing 10 brine shrimp larvae in 5mil of seawaier
per tube and solutions of @] free broth and the Bolsted biosuridant
ta give neentrations based an the CMC (600 mg/L) untd L, (lowest
canentration that kills 50% of test=d brinz shrimp). They were ob
served far 24 h to calon bste maortality (Meyer stal, 1982 Each test was
mun in triplicate, and s=awater was ussd 2 the comtmal

2 15. Phyipimocity assay

The phyintmddity of the biosr fctant was eva luated in static test by
sesd permination and moot elongation of two cabbages species (Braxdoa
okerarea var. botrydis . and Bracsca oloacen var. opista)) acmnding ta
Tiquia et al. (1996). Solutions of the isolaied biosrfctant were pre.
pared with distillsd water in concentrations at ¥ = CMC (300 mg/L),
at the full CMEC (600 mg/l) and twice the CMC {1200 mg/1). The
thencici ty wans devtermi nesd in sheril imed Petri dishes (1% 10 om) containing
Whatman N* 1 filer paper. The sseds were pre-treated with Sodium
hypochlarite and 10 sesds were mooulated in sach Petri dish which wes
inoculated with 5 ml of the test solution at 27 "C. After five days of
incubation in the dark, the ssed garmination, oot slongation (= § mm)
and germination index (&, a facor of relative ssed germination and
melative roat slangation) weres determinsd 2 fallows

Relative seed germination (5)
= [number of seeds germinated in the extract
fmumber of seeds germinaled in comtrol] 0 100

Relative root length (%) = {mean root length in the extract
fmean ool length in control} = 100

Gl = |{% seed germination) % {Erool groeth) 7100

Controls were prepared with distilled waier to replace the bio
surfacdtant solitions. The mean and stndard devistion of triplicate
samples from each concentration wene @loulated.

2 16. Applicgion of ghe b oarfactant in hydrophobic oomominan removal
from sand

Biswfsctant suitability for enhanced ail recovery wes @rrsd out
using artificially contaminated sand with 10% of motor ol as described
by Luns = al. (20117 Ssmples of 50 g of 40/50 mesh (030,43 mm])
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amd 20,730 mesh (L6085 mm) fractions of the contaminated Bragilian
stamdard sand NER 7214 (19892) wens transferred i 250-m] Exlemmeyer
flamk s, which were submitted to the lowing trextments addition of
50ml distilled water {cmnitral) or 50ml of the call fres broth ar 50ml of
asalution of the isolated bioswfactant at ¥« CMC (300 mg/L), at the
full CMC (500 mg/1) and twice the CMC (1200mg,/T). The sampls=s
were incuhatad on & rotary shaker (150 rpm) for 24 h at 27 °C and then
were centrifuged at 5 000y for 20 min for separation of the mndering
solution and the sand. The pH of the samples was also messuned befone
and afrer the trestment. The amount of oil residing in the sand after the
impact of bissufactant wes gravimetrically determined as the amomnt
of material extracted from the sand by hexame.

2 17. Application of the boarfacem:s in hydrophobic contaminans
readng

The il displacement test was camied out slowly by dropping of
15yl of mowor ail anto the mrfae of 40ml of distilled water Layer
cmntined ina Petri dish (15 om in diameter) that spread all over the
water surface area. This was followed with the addition of 10p] of the
cellfree broth or aqueows salutions mntaining the isolakesd surfacknt at
e CMC (300 mg/L), at the full CMC (600 mg/L) and twice the CMC
{1200 mg/L)onto the surface of the od layer. The average value of the
dizmeters of the dear mones of triplicaes ex periments was mezsmned and
recanded then @l culated a5 percentage of the Petri dish diameter (Ohno
etal, 19946).

2 18. Applimsion af ghe binmuriachant in hydrophobic ¢ omton o d smming
gt

#As a meams to check the cleaning abdlity of the biosurfadtant, the
inner walls of 2 s=t of beakers wer= mated with motor oil. To r=move
the adhersd oi, 50 ml of the callfre= broth or wash soltions con-
taining agueows salution of the isolated biosurbatant at ¥ < CMC
{300 mg/LY, at the full CMC (600 mg/L) and twice the CMC {1200 mg/#
L) was added 1o each beaker, vorexsd for 1.0 min, and allowed ta st@nd
far 6 h (Pruthi and Camesotra, 20000

2 1%, Seofichiral analysic

All surfae tensions, bicurfacnt conentrations and emul sifi otion
activities determinations were performed at least three fimes. heans
and standard errars wene caloulated wing the Micrmsoft Office Fxcel
2003 (Version 7.

3. Results and discussion
A1 Fogrfastont production and gromeh kinesics

The hacterium P. ceparia was able to produce biosufactant during
growth on industrial wastes as growth substrades, indicating its ability
ta use a wide spesctrum of carbon sources ranging from water soluhles
carbohydrates to water immiscihl e hyd rocarbans.

Fig. 1 shows the pattern of bicurfacent formation and cel growth
af P. czpada OCTE659 in the mineral previously optimized medium
(Silva e al_, 201 %) @ntzining 2% waste frying ail, 3% com stesp 1§
quar and (L.2% NaNQy at 28°C during 60 h under agitation spesd of
250 rpm. P orpada stared o podoce biosurldant somn after in-
omlxtion almg with 1] growth. Surface ension messnrements wens
used a5 am indirect mezsmre of surfdantproduction and to evalua = the
efficiency of the produesd biosurfacant. The culiure broth surface
tension resched the minimum vahie of 27 mN/m afer 12 h, while the
accumu lation of biosurfa cant wes gradually increasing. The maximum
i s wrfactant production (8 g/1) ccowred during the stationary phase of
the culture (48-60 hl. At this point, it was observed not only the
maximum biomrictant arumulation, but also the highest biomass
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omaentration (abowm 15071 dry weight). The rapid ncresss of bio-
maess during the stationary phase i relaisd in the dimxic growth phe-
namesnon, which typically oaurs when less complex nutrients soures
present in the medinm are depleted, farcing the microorganism to the
cansumption of the complex sounces. The surface tension, an the other
hand, remained mmstant became the CMC had been reached. Bio
surfacdtant production by P. cepacia was growth-associaied since there
was an almest paralle] relationship between bimswrfactant produoction,
oell growth and surfsce tension. reducton.

PFar the altivation of P. cepada CCTE659, the pH showed =small
variations betwesn 6.0 and 7.0 espedally during the fimst 24 h, related
to incresmed metabolic activity and produdion of arganic adds, re-
maining mare stable after 36 h arowmnd 7.0 untd the =nd of oitivation

Different kinetic profils for bioswr&otant produdion can be ob
served 25 described in the Bteature, Cha et al. (2008), br eample,
oheerverd that the pmduction of the biosrfsctant from P asruginosa
cultivated in an optimized medium omtaining 2% acidified soyhean od
was fiound to be a funchion of ] growth Biosurfacant was prodoced
at a concentration of 5.0g/, with a ] concentration of 25 g/1. Gearge
and Jayachandram (2009, on the other hand, ohserved that the pro-
duction of 92 g/1 thamnolipid biosurfactants using orange fmit pesl:
ings from F asugnowa MTOC2XT was growth independent. A surface
tension reduction up to 31.1 mM'm was obtzined. The thamnalipid
praduction by Peradomomas aerupioca cultivated in minimal media
provided with n-heptadecanes 2= sole @rbon source mder shake: flask
conditions started at 48 h of incubation and lested ti] the end of in-
cubation perind (7 days). The srfsce tension of distilled water was
reduced from 720 to 30.0 mN/m (Bara =t al, 2009

The carbon sounce preference for bicsurfacent production seems to
be strain dependent. Some reports show that vegetable ails are mons
effident suhstrates in bicurfacknt production from P asmyginnsa
straims, while others show lower thamnaolipid yield from oils than that
from ghicose and glyeeral (Silva =t al, 20100

Wu et al. (2008) described the production of 3.7 and 26 g4 of
bimswrfactant far alive oil and soybean ail, repedively, from P. aerue
ginoza EM1, while Sousa et al. (2011) obtined 1.2 g/1 biosurfctant
from P. asugnosa MSICOH2 grown in hydmlyzed ghycerin for a surface
temsion valoe of 293 mN/m. Oliveira ot al. (2009 used experimental
design tools to smdy the effecs of proess conditons on surfcamt
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Table 1

Eombifioasm ider ) of bydmghcbic e by e
S bl comfalmng e boerSatad San P oogach
CCTES S ode d B d munk = | v,
ooy E0 b o IS0 rpn dad B T

St %)

L] W+ 435
Lubricating ail TaXx 178
D]l SiE+ 34
Eeromne HGE + Tock
o Hemdaans Sk 135
Seylbemn wdl El 5 TG

proaduction during batch =t condoctsd wsing a strain of P alalignes
gmowing an palm ail The authors obtained 23 /1 bicurfacant after
A8 h of bioprocess, with a surface #nsion of 31 mN/m. The use of s=.
quencng baich reactars for bios wfactant production from P. asruginonea
SP4 growing in palm oi and ghome during 48 h showed a surface
tersion reduction to 28-30 mN/m (Fansiripat =t al, 200100

Rocha & Siva (201 4) also wtilizing P.cepacia CCTHEED des aribed the
production of 5.2 g/L of biosurfsctant with a swisce tension of 27.57
mN/m after 144 h of culthvation at 250 pm wilizing 2.0% sayhean
waste frying ol as the carbon source. As can be seen, the change an the
carban source influences the different results obtained from the same
microargamism. This shows that grester importanes should be given in
the choice of the substrate for gresier efficenay in the production of a
i s urfctamt.

A2 Bicorfostos smildfiston copacity

A practical meamrement of a surfsoe-active compound wlity i i
ahility totrn immiscible liguids inin stable emulsions. Table 1 pressnis
the hydrmophobic substrates tested for emulsification by the o=ll-fes
broth containing the bicurfacam fom F. cepacda CCTHG59. Motor od
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the capadty of reducing the surfsce temmion wp o 12% Na(l, while
80-9{% of the ariginal emulsifying adivity of hoth hydrocarhans was
retaimed atconcemtrations upto 1 2%, These resuls could be interpreted
2 a good malt reistance of the bicmrfactant prodoced by P. cepada
under mnditions of this wordk Since the sea salinity in the warld &
arnumnd 3%, the bicurfactant from P. cqpacia OCT6659 auld be applied
in saline envirmnments.

When the empemature was varied fram 0°C to 130 G, the surface
temsion of the biomr&ctant solution showed bttle variation and re.

af car engine was the best substrate while nhexad and sayb
vegetable 0il were the poorest. The cell free broth containing the bio
surfacemt obtained afier 60h of mitivation was ahle to emulkfy 90%
murtar qil. The water: il emulsons showed to be compactand nemained
stable for mare than six months at mom Emperatre, suggesting that
the addition of such biosurfactant inin a remediation procsss may =n-
hance the avaiability of the remlctrant hydmcarban. The vegetable
agils were particularly not good sbstraes for emukification by the
bimswfactant from P cepadia (data not shawnlL

The ability to form and stabilive emulsions & mne of the most im-
partant fi i be considersd. The abdity in emukifying hydro:
carbans depends an the hydmphobic compound since biosr &ctans
are substrate specific. The smulsifietion capadty is related o the
campatibility betwesn the biomrfactnt conformational structhre and
the hydrocarbon, which will allows the stabilization or not of the mi.
crsmpic droplets (Siha =t al, 214a)

13 Foarfactos cobiliy rdaed o arfoce encon and emeldficaton

Several factors influence the effectivenss of biosrfadants in-
chiding temperatures and pH. Therefare, it & important to sody the
influsnce of these paramers when omsidering applications of these
metaholites in hioremediation.

The results of stability of the cell free broth ontzining e produced
biswrfactant {cude biswizctant) fom P. cgpada OCTEHGESS with re-
spet to emperature, pH, slinity and tme of heating ar= shown in
Tahle 2

Az described in material and methods ssction, various amournds of
Nl were added to the ol fres brodh and mired completely and then
surface tension was mezsred As seen, the biosurfcant maintained

N

mained nearly aonstant at around 27 mN/m, indicating the nseful nes
af the bicurfacant inindustries whers heating to adhieve sterility is of
prammumnt importance. The smulsifieton mdevss of the motor od
were also thermally stable, while the emulsifi ation of nbricating od
showed a lithe incresse with the incresse of the temperamre.

The surface #ension of the biswfactant remained relatively stahle
to pH changes hetwesn pH 5.0 and 120 anound 28-29 mN;/m, whensas
below pH 6.0 surface tension showed 3 ligtle inoresms, reaching I mN/
m at pH 2.0, The emulsifimtion of motor od by the osll-free broth
omining the biosurfcant incresmed with the pH incresse, = pecially
at pH 1090 and 120, for which an emulsifimtion index of 100% was
obtained, while emukification indexes of 100% were obtained with
hibricating ail in the pH =nge of 2-6.

In the case of the bieurfactnt fom P. cepacia, it is Heely that the
increzes i emperzture has allowed grester mteraction betwesn the
hicswrfactant and the hibricating oil On the other hamd, this effect was
nat abserved for the emulsification of matar oil probably due tois high
visoosity companed to the lnbricating ail Regarding the change in pH, it
is possible that there has besn some alisration in the biosurfscant
strucure, allowing greater or lesmer interaction with each type of ail,
which will depend an the composition and structure of the oi being
emul sified

The findings sugpe=st that the robust charcteristics of the cuds
bimswfactant are very benefidal for appli@tions under extreme con-
ditions of salinity, emperature and pH, such 25 in 0il rsmvery and in
the bioremediation of a polluesd marine emdronment

Considering that the purifiation acmunts for up to 6098 of the total
production mst of bicurfastants and the smnomic comsiderations in
the il mdustry, most biosurfsctants would require either whale-cel
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culinre broths or oude preparations (Santos =t al |, 2163 Thenefore,
the use of the bioswr fectant from P cepaga OCTHESD in its crade form
can b= mnsidersd another sdvantage of this new biomaoleml= in the
petrolenm market.

A4 Sarface encon and gitical micals aonentraion [CMC) of the
bioarfrinnt

The biosura dant produced by F cpacia CCTHE659 i able to neduce
the swrface temsion of supermatant significantly. As ssen in Fig 1, the
surface tension of supematant in all ailmres has besn destically de-
crezsed from 710 to abowt X7 mN/m. & has be=n happened even by the
]y taken sampl = thatshow the produdion of bicmrfactant has taken
place at early stage of culure Par forther imeestigation we determined
CMC valuess for the bicurfackhin. The presence of the biosurfdant
mednced the surfsce ension, which was proportional to biosuricant
cmemniTation i solntons, midl i resched the CMC concemtration. The
surface Ension of water decreased gradully with moressing bio
surfacbnt mnoentration Fom 7 mN/m o 255 mN/m, wit a hio
surfacent coneentration of L06% (600mg/T), and then remained
CEmaT

A5 Binorfactant charadhed mhion

The crude eximact form P cepada CCTEGSS &5 a viscows sticky aily
mesidue with boown colowr (Fig. 2a). Afier partial purification of the
cmude evtrac, it was ohserved a floc formation (Fig. 2b) and at the end
af the purification proeess, it was obiained an off white powder
{Fig. 2c). The isolated bicurfactant was soluhle in smeous solution
and in orgamic sohvents.

The agar double diffusion method showed #he animic nature of the
bimswfactant. A similar result haed been olserved for the biosurfadant
from P. suginosa UCPO92 (Slva et al, 2010) and P. fluorescens 495
Mevihens o al , 2001}, both submitied to the same test. The hio
surfacamt isolsted from P. cepacia was characterioed by TLE. The TLC
analysis revealsd the Bf (netention factar) valne of 0.75 (Fig. X The
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spot showed positive nesctions for sugams with Malish rexgents and for
Lipids with iodine vapours, but negative reactions for aming groups
with ninlydrin sugg=sting its glyealipid natures,

@ycolipids rhamnalipids are produesd by P, strains as
mixtures of different omngenems, heing the most @mman Lrhamnosy]
bhydmxyd scmnayl- bhydnoydecanoste  (Rhal1040100 and
Lrhamnoey]- L thamnay] -b: ydroxyd scamoyd: by droxyd scamo ate
(Rha:Eha Cl10.C10. Other mngeners frequently found inchide mano:
and di thamnaolipids with aoy] chains containing 8, 10, 12 ar 14 car
bors, mosily sammated, and, ke ofin, containing one ar two doohble
bonds, as well 25 with only one b hyd roney fatty acid . Exceptionally, acyl
chains with a higher (C18, C22 and C24) or an odd number of carbons
cam be found (Godina =t al , 215) The composition and distribution of
rhamnolipid congenens vary according to the haoerial strain, the ool
tune mnditions and the media composition. Even using the same strain,
the milure medium wsed can inflnence the composition of e tham
nolipid mivture (Fara =f al, 090 Another possibility can be the
presence of impurities such 25 exiracesd nonmebaolired fatty adds
from the mulmre broth that conkd influence the sorfsce.active proper.
e

A& T HNMR spesosopy

The charscierizatinn of biosr fsctants prodoced by P. cepacia stradms
using NMR spectnsmpy has been desaribed in the Btemtune (Sila
et al., 214b). Thenefore, the compasition of biosrisctants obtained
froam isalaie CCTHESS was probed by 'H NMRE analyss (Fig 31 "H NMR
spedrum of the bissufactant from P, copacia, demonsirated thres well
defined regions. The signals betwesn & (L75 and 25 ppm sgpests the
presence of aliphatic and methy] groups in i rfactnt; that betwesn
& 525 and 5.5 ppm indicate the presence of double bounds and those
betwean 595 and 10.0 ppm cores ponds to the hyd mpen bonded to the
carhaylic acid. The signals at § 275 and 725 ppm were attributed to
the residual signal of the solvent {chloroformi.

Fig- 3 TLC off e ooty e Som . sopocta CCTEESD goswm
i e muadien sugpherw el with 2% wads Sying al P
corn g Bjese asd 0.6 a0y dusing &5 b e 355 g and
) Cradl e Saoma a vl aSicky ofly ankhie wilh
Erown codaez (B Crude exsnce of e parsSel pecies Son aed ()
N MU T e —

Rf=074
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iy e iy ol o Booe St o S P cpac OCTEE50 ol i il swddem appamenind wit b B woote Sy o, P oxs s Bguor amd 80 o fve cabbagpsn ek,

Cabbags Sands Fitotsicity | tizomrd '
L]
Cellies broth  beolaad be & als ladated b & at ltecda e d bicorarfaclant al 2
* O e I L= L+
Braankca elomcos var. W aroml il oy el B 081 f B R S+ 45 5 008
Bty L R growih 11 i [ 42
Sy yoredng bl w e i 4
Bramica ol ol o il B2+ 0Ed 5o+ 0 35 + 4%l P05
var.capl ot Ko a3 & 48 44
Sererly yerwecies el L |- 3 55
Table 5
Fa d af mios ol adexkeal & dicrd s i by = ducd by P, apach DCTEESY ool bal b ceneal oxadium sgppd cambnd with 26wl Sy iy

all, P orn e Bguar ad 8% NS0y aed by dislled wa il (o e coated)

e mcna] agemt

Bicdar odl ol o nd )

4050 memdh (03043 mum) 20 20 menadh 05055 ma)
Bicoarfactumt. (o lres broth) [N T i+ ad
o i declaied bicormd, at s x G |-k WA Ak
S ef ik teclaied bicormd, ai e CHC WA e W03 as
s of the teclated bicommd. atd = W BT 3+ Al
Comiral | ditl] bad w sl ar) e R B2+ Ak

bimwfactant from Serata rubidosn SNALQZ2 demonstrating 86% ger
mination at a omcentration of 500 mg/m] when compared with the
coniral with regand to the vegei] species.

A 10. Applimtion of $he bioarfactant in hydrophobic conomnant remowal

The P. cepacia OCTH659 bicsurfactant potential for bioremediation
wars verified through soil weshing of motor ail contaminated sand. The
cell-free broth containing the surfactant and solntions of the solated
surfactant under, at and above the CMC were tested, 2= shown in
Tahle &

Hemovals in ewess of 708 were observed for all solubons dested,
with a2 maimum removal of 96% at 2« CMC This remlt can be
cmnsidered good when compared to the resulis obtained by Rodha =
Sila =t al (2014) ako wing a biomrisctant from P cepada (9%
Thus, the bicmurfactant produced wes effident in the removal of hy-
drophabic compounds under kinstic conditions of agitation. & was also
observed that the partide sizz of the sands did not exencise great in-
fluence an the percentage removal of the pollutant, neither the bio
surfactnt mnoentration, suggesting the ability of the biosrfadant o
be applisd in mamy kinds of soils and in it code forme The possibility
af using the czll-free broth can contributes o nconexse the use of bio-
surfactnts in applications such 2 enhanced oi recovery or bior
emediation, 2 their purification constitutes a relevant partion of the
overall producton msts.

I 11. Applmsion of the binarfockmi in hydrophobic contominot

The drop collaps= mathad depends on the principle that a drop of
liquid containing a bicrurfactant mlapses and spreads over the aily
surfae. There i a dirsct relationship betwesn the dizmeter of the
sample and conaentration of the bicmfactant (Satpube =t al., 30100

The cell free broth containing the hiosr fotant produed by P. ce
pacia QCTHESS gave a high oil spreading efficiency. This wes mone
effective than the aquamus salutions of the Bolaesd bicurfacont at 4
# CMC (0.03%], at the full CMC (L06%) and twice the COMC (0.1.2%),
as shown in Table 6. Acmrding to Simhy =t al (20107, the biosurfdant
mroduced by B subiilic NRRL B9 C (L 1%) gave an od spreading ofi-
ciency of 57% while the well known indusirial surfactnt Triton X- 100
displzced 0% of the ail at the sme oncentrtion.

Of the several envisimead industrial applications of the biosurfac
tamts, ons of grestest potential use & in the stormge @nk ce=aning. The
oall-free broth from P eepacia CCTE6SS was effective in recovery of up
to9{Fh il from the walls of the beakers, while the aqueous solitions of
the isolaied bicmrfactant at % = CMC, at the full CMC and twicee the
CMC remversd around $0% af the motar ail (Table 61 These r=uls
sugpest the suitability of the bioswizctant from P. cgpadia to remave the
sticky crude ai from the walls of containers.

Table &
dpplinasm of the bicahcun? fmm P, cqpacia OCTEESS i bydphek diry ] by d oot gy Serm e e e o e Bt b
Tt Hicormrfar o st doarm
Coll - bl [alated bicomdac ot ad 45« CHE  bolaad bicourbdant o e (NC | helaal bicoarbctaat & 3« CMC
Hyde=phek oF . |- 1Y 52+ 27 B+ 30 [ e
Hydepholi: contimimnd oy W e T8+ 28 A+ i B+23
Conitral {dit Dal walar) 0+ 64 i5+0 LFs+ad 23+ &

nz
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Fig. 3 H NME speesim (CIRO0, 300 MH) of the Skl
Biosteartand Eom P egasa OCTEESY colSvatel = sse]
msdbe applanisminl wilh X oweks Sy odl B con fap
Ejucr amad G3% M MO,

Larmcocos largs which also ommins ocedecanoic acid 2 a fatty acid
chain linked to the sugar moisty. Octadecanoic acid was abo foand s
the major fatty acid type in the ol bound bioswiactant produced by
larinbacllus pendmss. (Wedno et al . 20151 Based on the memlis ob
tain=d by "H NMR, FTTR spectroscapy, TLC and GC-MS analysis, it &
possible to say that the biswiactant smdied shows a ghymlipidic

The use of hiomrfsctant also depends on their properties. The ab
sence af toxicty & of fundamentl importance for application in the
envimmmental ralm. Ecooxicity bioassays are amalytical methods

N - J L
I e A .‘- .:_.. |,r|'|| 7.8 BB liil I..Iill.l Iliiji:. |I| '|.1| . -
- s Skl ke e
i P g A
1l =
[
=1 _..'—'—"_-_\" r-ﬂ-r\yn-,-‘
™ - '.Illl
£ ol G TR i .t
] o PP
E B L | (=3
- L
E I 1% Mosrfosos sy
- 7
= 4
LH =0
10 =
a — R e B B S . s g |

T
E01 MO0 0 N0 MO A 19 WOD H00 @
Vidaree numbser fom ')

Fig. 4. FTiR 5 S b = ] ] by P oapach COESS cli-
vl b ceneral siadien ppples e d w b Se waie Syl ofl, ¥ o e p by
. G B iy

27 Ferier ronsform infored spearosmpy

In the Fig. 4, the spedm cbmined for the binsuriadant presembed
shsorhanee band of hydrog] groups at 3350 cm™ ' hetwesn 20466 and
2863cm " it & dear the presence of aliphatic chaing ot — 1700am ™"
the presence of C°0 group & evidenesd; and at — 1400 cn™ " the
speata show donhle bands in the stochre of the biemrfacent (-CC-1L

28 GOMS malyss of fasy adds

The fatty acid composition of the bicsufacamn was analysed by GG
MS and comparsd with the library data. & wes fomnd that the hio-
surfactant & mainly @mprissd of long chain Bttty acids, mainly C-18
long fatty acids (Fig- 51 The major fatty acid foond wes C-18 Ochade.
canoic acid {(#9.4%4). Octadecanaic add was also previously foond 2
the main &y acd in varows smdies of purified ghyolipids
Sammvanaluman and Mani (20107 have solted a biomurfactant from

nz

that allow characterizing the toxicity of chemiml suhstanoes.

The bimwrfactant from P. cqpacia was e=sesd for its toxicity ina shont
term hinaeoy using brine shrimp, 25 shown in Table 1 The isolsted
bimwiactant did not show toxicty to larvee with incressing bio-
surfactant concentration and not even the cellfres broth after 24 ha
The s toddty tests of the swctant JEINS8ES poduosd by the
T cterinmm Crordorma sp. agminst two species of marine larvas, Mycdopds
balda (shrimp) and Memidia berylling (fish], also showed the low nxicity
of this bicsurfacant (Sa=ki =t al, 2009 Based on the Arewsia saling
toci ity test, P cepacin biosmurfacant proved o be immoonous (Table 3y,
a5 expected for a biologically derived sufaceadive apent (Camacho
Chab =t al, 2013}

The biosurfacamnt produced by P copacia was tested forits inxcity
using s==ds of two cabbages species (Brocdea alerocea), The nesuls of
relative ssad gemmination, relative mot growth and gemmination index
{GI) are shown i Table 4. Since the Gl value of 80% was used = an
indicatar of the disappearanes of phytotoxdcity (Meylheuc ot al |, 20013,
the resulis showed that the crode biosrfsctamt (o=l fre= broth con
taining the bioswfactam) did not show mhibitary effects on the ssed
germination and moot elmgation of cabhage, while noesing the
ooneniration of the surfsctant reduced the percentage of seed germi
nation. Nalini and Parthasama i (2014) reported similar remis by the

Takls 3
Temictsy of o oot ot Som P ook (CTEESS d B cismaal b
wnppiis e Sl weith 2w inle Spingy odl, e cors she e Bjoor s G0 oo brime shedey

v

e =]

Calbirex broh e et By
e CNE (R 1) N mscha Bty
ML (S0 m'T) Mo gaacta bty
3 DG N30 ) Mo cacta Bty
5 = (0 e mry ) 10U & BEl
13 % CME flCan = T200mg A} S8+ 0H
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4. Conclusions

Apart from the indmtrial applietion of hicmrfarn emisged,
their application in ol indmsty is one of the potentials when= lower
purity biomorictant preparations or whaole o=l broth can be used,
stable mder the exireme emvirommenta] mnditions encouniered in the
ail reservair such as high temperature, pressre and slinity. The hio-
surfacent produced by P. cpacsa showed stability under extmeme
canditions of pH, tempemmme and salinity. The crode hiosuraant
omld reduce the surfae tension of the mediom © ZmN/m and with
isolatsd bicurfactam in a CMC decressed to 255 mN/m Owr pre-
liminary lab scale remlts showed that besides the pobent snrface ac.
tivity, the crude hicsurfactnt hes high emulbsifying adivities, capacity
ta remave hydrophobic contaminant 2nd did not show tmdcty. In
conchison, the biosrisctant poduced by P. cqpacia was 2 kind af
prefeable swfaxceadive sbstane, having potential applimton W
bioremediation of hydmocarbans oonminastion.
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