s

UNIVERSIDADE DE PASSO FUNDO

PROGRAMA DE POS-GRADUACAO
EM ENGENHARIA CIVIL E AMBIENTAL

Area de concentracdo: Infraestrutura e Meio Ambiente

Tese de Doutorado

EFEITOS DA ADICAO E DA BIOESTIMULACAO DA
PRODUCAO DE BIOSSURFACTANTES IN SITU,
DURANTE A BIORREMEDIACAO DE SOLO ARGILOSO
CONTAMINADO COM OLEO DIESEL-B10

Andressa Decesaro

Passo Fundo

2021

' J

UPF




CIP — Catalogagao na Publicagao

D292e Decesaro, Andressa
Efeitos da adicdo e da bioestimulacdo da produgado de
biossurfactantes in situ, durante a biorremedia¢ao de solo
argiloso contaminado com 6leo diesel-B10 / Andressa
Decesaro. —2021.
84 f. : il. color. ; 30 cm.

Orientadora: Profa. Dra. Luciane Maria Colla.

Coorientador: Prof. Dr. Anténio Thomé.

Tese (Doutora em Engenharia) — Universidade de Passo
Fundo, 2021.

1. Solos - Poluigdo. 2. Hidrocarbonetos. 3. Biorremediagao.
4. Surfactantes. I. Colla, Luciane Maria, orientadora. II. Thomé,

Antonio, coorientador. III. Titulo.

CDU: 628.516

Catalogacdo: Bibliotecario Luis Diego Dias de S. da Silva — CRB 10/2241



ANDRESSA DECESARO

EFEITOS DA ADICAO E DA BIOESTIMULACAO DA
PRODUCAO DE BIOSSURFACTANTES IN SITU,
DURANTE A BIORREMEDIACAO DE SOLO ARGILOSO
CONTAMINADO COM OLEO DIESEL-B10

Tese apresentada ao Programa de Pés-Graduacao em Engenharia Civil ¢ Ambiental, da
Faculdade de Engenharia e Arquitetura da Universidade de Passo Fundo, para obtengdo do grau

de Doutor em Engenharia.
Data de aprovagao: 06 de abril de 2021.

Doutora Luciane Maria Colla
Orientadora

Universidade de Passo Fundo — UPF

Doutor Antdnio Thomé
Coorientador

Universidade de Passo Fundo — UPF

Doutora Fatima Menezes Bento

Universidade Federal do Rio Grande do Sul — UFRGS

Doutora Helen Treichel

Universidade Federal da Fronteira Sul - UFFS

Doutor Cleomar Reginatto
Universidade de Passo Fundo — UPF
Passo Fundo

2021



Aos meus pais Marlene e Armando,
e ao meu companheiro de vida, Cristiano.

Pelo apoio de todos os dias e por sempre acreditarem em mim.



AGRADECIMENTOS

Obrigada Deus! Pelo dom da vida renovado em cada amanhecer e pela for¢a para seguir
em frente.

Aos meus pais, Marlene e Armando, por todas as oracdes, cuidado e ajuda, pelo amor
incondicional, paciéncia e perseveranca de estar sempre junto, apoiando e incentivando.

Aos meus irmaos, Diana e Felipe, ¢ meus cunhados Moacir e Débora, pelos abragos,
conversas € amor sincero.

Aos meus pequenos, Nycolas e Antonella, por todo o amor e carinho com a tia Andressa,
vocés sao minha fonte de alegria e energia.

Ao meu companheiro de vida, Cristiano, pelo amor e carinho. Por toda a sua ajuda nos
momentos dificeis, por ser meu confidente e meu amigo. Muito obrigada pelo companheirismo,
paciéncia, lealdade e compreensdo durante todos esses anos. Sou muito grata por tudo que faz
por mim, obrigada, mais uma vez!

Aos meus queridos e sempre ajudantes de todas as horas, Thais, Bruna, Angela ¢ Alan,
pelos inimeros dias de trabalho no laboratério, pelas noites de escritas de artigos, pela ajuda e
amizade. Ja disse outra vez, mas volto a repetir, sem a ajuda de vocés ndo teria conseguido
chegar até aqui.

A Professora Doutora Luciane Maria Colla, ou simplesmente Prof. LU, por ser muito
mais que uma orientadora, por ter me acompanhado durante todos esses anos, pelos seus
conselhos valiosos e sempre certeiros, € pela sua amizade. Obrigada pela compreensdo nos
momentos turbulentos, pela paciéncia e confianga depositada em meu trabalho. Obrigada Prof.
LU, por nunca ter desistido de mim.

Ao Professor Doutor Antonio Thomé que sempre colaborou e ajudou no que foi preciso,
meu muito obrigado.

A Universidade de Passo Fundo e ao Programa de Pds-Graduagdo, que me ofereceram
estrutura para o trabalho cientifico, professores e funcionarios qualificados, ambiente propicio
ao aprendizado, o que me possibilitou ter experiéncias incriveis, além de fazer muitos amigos.

A CAPES pela bolsa concedida para a realizagdo deste estudo.



RESUMO

O dleo diesel ¢ um dos combustiveis mais utilizados em todo o mundo. Vazamentos de 6leo
diesel em tanques de armazenamento subterraneos, durante o transporte e distribui¢do
representam importante fonte de contamina¢do do solo e do aquifero. O tratamento de solo
contaminado com diesel pode ser realizado por meio de métodos fisicos, quimicos e também
bioldgicos. A biorremediacdo, ¢ considerada promissora, por ser uma técnica bioldgica que
pode ser aplicada em grandes areas contaminadas. Acrescido, tem-se que a pesquisa sobre a
influéncia de biossurfactantes na eficiéncia da biorremediacdo de solo contaminado esta
crescendo continuamente. No entanto, apesar dos constantes avangos na compreensao dos
mecanismos envolvidos nos efeitos dos biossurfactantes, ainda existem muitos fatores que nao
estdo suficientemente elucidados. Ha uma falta de pesquisas sobre o metabolismo microbiano
autoctone ou exogeno quando a bioestimulagdao ou bioaumentagdo ¢ realizada para produzir
biossurfactantes em locais contaminados. Desta forma, este estudo teve como objetivo geral, a
avaliacdo da produgdo de biossurfactante no solo e verificar a influéncia dos biocompostos
sobre o processo de reten¢do e biodegradacdo do contaminante. Inicialmente, produziu-se
surfactina através de fermentacao submersa utilizando a bactéria Bacillus methylotrophicus e
soro de leite como meio de cultivo, para desenvolver metodologias de mensuragdo de
biossurfactantes em meio aquoso. O biossurfactante produzido foi adicionado em solo e
realizados estudos de desenvolvimento de metodologia de extracdo do biocomposto do solo e
a sua mensura¢do. Em uma segunda etapa, investigou-se a retencao de 6leo diesel-B10 (B10:
90% diesel; 10% biodiesel) em solo argiloso durante a bioestimulagdo por biossurfactantes
bacterianos (surfactina ou ramnolipidio). Na terceira fase do estudo, realizou-se a
biorremediacdo em solo contaminado com 20% de 6leo diesel-B10, utilizando como estratégias
de bioestimulacdo e bioaumentagdo para estimular a producdo de biossurfactantes no solo.
Foram produzidos biossurfactantes na quantidade de interesse, utilizados para a elaboragdo das
curvas padrdo pela tensdo superficial e método de Biureto. Com relagdo ao efeito da adicao de
biossurfactantes (surfactina e ramnolipidio) no solo sobre a reten¢do, verificou-se que nao foi
um fator significativo nas concentragdes utilizadas, e ndo interferiu na adsor¢ao do
contaminante. Assim, pode-se dizer que a inser¢do dos biossurfactantes em quantidade
suficiente para uma biorremediagdo efetiva ndo afeta a percolagdo do contaminante no solo. No
ensaio de biorremediagdo com o6leo diesel, o tratamento com aplicagdo de bioestimulacao e
bioaumentagdo em conjunto apresentou 61,66% de remocao total ao final de 120 dias de
experimento. A produgdo de biossurfactantes no solo, avaliada pela medida da tensdo
superficial dos extratos de solo, apresentou reducdo da tensdo superficial para os tratamentos
de bioaumentacao e bioestimulagdo (11,82%), indicando a liberacdo de biossurfactantes no
meio. Esta tendéncia ndo foi observada nos tratamentos de atenuagdo natural ¢ controle. Para o
solo estéril, os valores referentes a adsor¢ao ficaram em torno de 20%, ndo diferindo
estatisticamente entre si, demonstrando que os diferentes bioestimulantes ndo promoveram
diferentes taxas de adsor¢cdo do contaminante, corroborando com o estudo anterior. Desse
modo, verificou-se que a aplicagdo em conjunto das técnicas de bioestimulacdo e
bioaumentacao auxiliaram na produgdo de biossurfactantes diretamente no solo e aumentaram
a biodegradacao do o6leo diesel em solo.

Palavras-chaves: solo contaminado; hidrocarbonetos; biodegradagdo; surfactante microbiano.



ABSTRACT

Diesel oil is one of the most widely used fuels worldwide. Diesel oil leaks in underground
storage tanks during transport and distribution represent an important source of soil and aquifer
contamination. The treatment of soil contaminated with diesel can be carried out by means of
physical, chemical and also biological methods. Bioremediation is considered promising, as it
is a biological technique that can be applied to large contaminated areas. In addition, research
on the influence of biosurfactants on the efficiency of contaminated soil bioremediation is
growing steadily. However, despite constant advances in understanding the mechanisms
involved in the effects of biosurfactants, there are still many factors that are not sufficiently
elucidated. There is a lack of research on autochthonous or exogenous microbial metabolism
when biostimulation or bio-enhancement is performed to produce biosurfactants in
contaminated sites. Thus, this study had as its general objective, the evaluation of the production
of biosurfactant in the soil and to verify the influence of biocomposites on the process of
retention and biodegradation of the contaminant. Initially, surfactin was produced through
submerged fermentation using the bacteria Bacillus methylotrophicus and whey as a culture
medium, to develop methodologies for measuring biosurfactants in aqueous medium. The
biosurfactant produced was added to the soil and studies were carried out to develop a
methodology for extracting the biocomposite from the soil and its measurement. In a second
step, we investigated the retention of diesel 0i1l-B10 (B10: 90% diesel; 10% biodiesel) in clayey
soil during biostimulation by bacterial biosurfactants (surfactin or ramnolipid). In the third
phase of the study, bioremediation was carried out on soil contaminated with 20% diesel-B10
oil, using bio-stimulation and bio-augmentation strategies to stimulate the production of
biosurfactants in the soil. Biosurfactants were produced in the amount of interest, used for the
elaboration of standard curves by surface tension and Biuret method. Regarding the effect of
adding biosurfactants (surfactin and ramnolipid) on the soil on retention, it was found that it
was not a significant factor in the concentrations used, and did not interfere with the adsorption
of the contaminant. Thus, it can be said that the insertion of biosurfactants in sufficient quantity
for an effective bioremediation does not affect the percolation of the contaminant in the soil. In
the bioremediation test with diesel oil, the treatment with the application of biostimulation and
bioincrease together showed 61.66% of total removal at the end of 120 days of the experiment.
The production of biosurfactants in the soil, evaluated by measuring the surface tension of the
soil extracts, showed a reduction in the surface tension for the bio-enhancement and
biostimulation treatments (11.82%), indicating the release of biosurfactants in the medium. This
trend was not observed in natural attenuation and control treatments. For sterile soil, the values
referring to adsorption were around 20%, not differing statistically from each other,
demonstrating that the different biostimulants did not promote different rates of adsorption of
the contaminant, corroborating with the previous study. Thus, it was found that the joint
application of biostimulation and bioincrease techniques helped in the production of
biosurfactants directly in the soil and increased the biodegradation of diesel oil in the soil.

Keywords: soil contaminated; hydrocarbons; biodegradation; microbial surfactant.
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1 INTRODUCAO GERAL

O avango da ciéncia e da biotecnologia ajudaram progressivamente a humanidade na
investigacdo e exploragdo dos recursos naturais. Diferentes atividades como exploragdo de
petréleo bruto, uso de produtos relacionados a petroleo (querosene, diesel, gasolina), chegada
de produtos quimicos agricolas e produtos farmacéuticos facilitaram o estilo de vida das
pessoas no mundo todo (Jimoh; Lin, 2020).

Algumas dessas intervengdes, entretanto, possuem desvantagens, pois os produtos
quimicos, metais pesados, solventes, combustiveis € materiais necessarios para esses avangos
causam efeitos a saide do meio ambiente, incluindo contaminagdes no solo (Zhang et al.,
2012; Wilton et al. al., 2018).

Ainda ndo se espera que a frequéncia de contaminag¢do com O6leo diesel no meio
ambiente diminua no futuro. Embora o niimero de tecnologias alternativas e de energia
renovavel para combustiveis esteja emergindo, nao ha indicagdo significativa na diminui¢ao
da utilizagdo de combustiveis fosseis. A exploracdo de combustiveis ainda serd executada
ativamente pela proxima década, portanto as contaminagdes por oleo ainda ocorrerdo e
necessitardo de tecnologias de remediacao (Imron et al., 2020).

As contaminagdes da 4gua e do solo ocorrem principalmente, durnate o
armazenamento e transporte, causando a contaminacao da agua e do solo, representando risco
para a saide humana e dos ecossistemas. Os vazamentos provenientes do transporte maritimo
representam uma grande parcela das contaminagdes, como exemplo cita-se o acidente com o
navio Exxon Valdez perto de Prince William Sound em margo de 1989, onde houve o
vazamento de cerca de 40 mil toneladas de 6leo bruto. Consequentemente, a acdo de
descontaminagdo foi uma das mais caras para um derramamento de petroleo a partir de um
navio, com mais de 10.000 trabalhadores atuando nas operagdes de limpeza. A empresa Exxon
Mobil teria gasto em torno US$ 4,3 bilhdes, como consequéncia do derramamento, incluindo
os custos de limpeza e varios acordos judiciais (Arroz, et al., 1996).

O oleo diesel, segundo Ahmed; Fakhruddin (2018), possui um numero de cadeias de
carbono que varia de 11 a 25 e o intervalo de destilagdo estd entre 180 °C e 380 °C. A
composi¢ao molecular dos hidrocarbonetos no diesel ¢ dividida em trés classes diferentes, que
sdo saturadas, insaturadas e aromdticas (Ahmed; Fakhruddin, 2018; Speight, 2015). Nos
hidrocarbonetos saturados, todos os atomos de C sdo de ligagdo unica, enquanto nos

hidrocarbonetos insaturados, um ou mais atomos de C sdo de dupla ou tripla ligacao. Essas



classes sdo divididas novamente em diferentes grupos com base em sua forma, como alcanos,
alcenos, aromaticos (mono-aromaticos), tiol e forma polar (Logeshwaran et al., 2018). O
diesel contém 2000 a 4000 hidrocarbonetos com aproximadamente 24% de n-alcano, 46% de
iso-alcanos + cicloalcanos e 30% de aromatico. Em func¢do de sua composi¢do quimica, o
tratamento de um solo contaminado com diesel pode ser realizado por meio de métodos
fisicos, quimicos e também bioldgicos (Aljuboury et al., 2017). O tratamento fisico requer
muitos equipamentos e tem custo relativamente alto (Singh; Chandra, 2014; Vidonish et al.,
2016). Enquanto isso, o tratamento quimico ¢ conhecido por ser eficaz, no entanto precisa ser
seguido de um tratamento adicional em termos de residuos quimicos ou lodo resultante, que
se nao tratados adequadamente, os residuos quimicos podem ter outros efeitos negativos nos
ecossistemas, como poluicao ambiental, problemas de satide para animais e seres humanos,
além da perda de biodiversidade (Zhang et al., 2018). O tratamento bioldgico € considerado
promissor na solu¢do dos problemas causados pelos tratamentos fisico e quimico, sendo uma
técnica mais ecologica para remediar o ambiente contaminado por 6leo diesel. Também pode
ser aplicado em grandes areas contaminadas, ou seja, solo poluido por hidrocarbonetos e
derramamentos de 6leo no oceano (Jain et al., 2011, Azubuike et al., 2016).

A Dbiorremediacao consiste na biodegradacdo de contaminantes pela populagdo
microbiana e se caracteriza em um dos mecanismos significativos pelos quais os
contaminantes hidrofébicos podem ser expelidos ou diminuidos da natureza, através da
mineralizagdo bioquimica (Mani; Kumar, 2014; Mnif et al., 2015; Zhao et al., 2018). Devido
a natureza extremamente hidrofobica dos poluentes organicos, como o diesel, diferentes
fatores como baixa solubilidade em &gua, fixacdo nas particulas do solo e baixa
disponibilidade biologica de poluentes, restringem a propor¢do de transferéncia de massa
disponivel a biodegradacgio (Bezza; Chirwa, 2015; Chaprao et al. 2015).

Para a realizacdo da descontaminacdo destes ambientes de maneira mais rapida e
eficiente, a biorremediagao pode ser empregada associada a aplicagdo de biossurfactantes, os
quais atuam como coadjuvantes no processo de biodegradacao. Os biossurfactantes sao
compostos anfifilicos, que possuem moléculas com grupo hidrofobico (repelente a a4gua, como
cadeias de hidrocarbonetos insaturados ou saturados ou acidos graxos) e extremidades
hidrofilicas (amantes da agua, como &cidos, cations ou anions, peptideos, mono, di ou
polissacarideos), que permeiam as interagdes da superficie na interface (Sharma et al., 2015).

A biorremedia¢do com a aplicacdo de biossurfactantes apresenta uma perspectiva além
das técnicas convencionais, no entanto, apesar das varias vantagens e das boas propriedades

sobre o surfactante quimico, a principal desvantagem ainda esta relacionada ao alto custo de



producao, baixo rendimento de produgdo, elevados custos de downstream e recuperacao
(Araujo et al., 2019). Atualmente, a produg¢do comercial de biossurfactantes em grandes
quantidades ¢ restrita, pois o custo total de produ¢do no mercado ¢ ainda muito alto. Além
disso, as dificuldades em sintetizar grandes quantidades de biocompostos para aplicacdes
ambientais também apresentam limitagdes (Jimoh; Lin, 2020).

Uma possivel alternativa ¢ a estimulacdo da producdo de biossurfactante no solo,
pelos microrganismos autdctones, que podem utilizar os nutrientes injetados ou os
contaminantes hidrofobicos, como os hidrocarbonetos, como substrato para o crescimento,
sintetizando compostos como biossurfactantes e enzimas, que por sua vez auxiliam a
eficiéncia de remocao dos contaminantes (Gudina et al., 2013).

Os biossurfactantes atuam aumentando as taxas de transferéncia de massa, tornando
os poluentes hidrofobicos mais biodisponiveis para os microrganismos (Whang et al., 2008).
Podem também induzir alteragcdes nas propriedades das membranas celulares, resultando
numa aderéncia microbiana aumentada. Este mecanismo ¢ importante quando duas fases
imisciveis (6leo e agua) estdo presentes e a captacao direta do substrato ¢ plausivel (Franzetti
et al., 2009).

O progresso desta técnica esta diretamente associado com o potencial catabolico dos
microrganismos presentes na area poluida, aos fatores ambientais e nutricionais, € as
caracteristicas e disponibilidade dos contaminantes (Antizar-Ladislao et al., 2006).

Ainda que se tenham recentes avangos sobre o entendimento dos mecanismos
envolvidos na producdo de biossurfactantes, existem inimeros fatores que ndo estdo
suficientemente elucidados. Embora se tenha constado que a aplicacao de biossurfactantes na
biorremediacdo ¢ altamente benéfica, algumas falhas e limitagdes foram verificadas ao se
aplicar a teoria na pratica (Lawniczak et al., 2013). A principal razio ¢, talvez, a inconsisténcia
entre a funcgao pretendida de biossurfactantes em processos de biorremediacdo (aumentando a
biodisponibilidade de poluentes) e seu real papel na comunidade microbiana autdctone, que
ultrapassa os limites da biorremediacao.

Outro desafio ¢ o entendimento sobre o comportamento relacionado a sor¢do do
biossurfactante na matriz do solo, ja que isto diminuiria a sua concentragdo e,
consequentemente, reduziria a eficiéncia da taxa de degradacao do contaminante. Além disso,
¢ necessario elucidar a influéncia do biossurfactante na retengao do contaminante, sendo que
uma maior dessor¢do do contaminante da matriz do solo poderia aumentar a pluma de

contaminacao.



Ainda, como um dos problemas relacionados a area, encontram-se as dificuldades de
mensuragao das pequenas quantidades de biossurfactantes produzidas durante os processos de
biorremediacdo no solo, o que traz dificuldades no entendimento sobre os mecanismos
relacionados aos efeitos positivos e negativos da presenca destas biomoléculas em solos.
Geralmente, a mensura¢ao da producao desses compostos em solos € possivel apenas através
de técnicas analiticas avancadas, tornando a monitoragdo de alto custo. Além disso, os tipos
de biossurfactantes produzidos sao diversos, havendo a necessidade da disponibilidade desses
compostos isolados puros paras vias de comparagao durante o uso das técnicas analiticas.

No entanto, acredita-se que esses temas estdo intimamente relacionados, uma vez que
a compreensdo das multiplas contribuicdes dos biossurfactantes, a mensuracdo e
monitoramento da sua producao, juntamente com o entendimento dos diferentes aspectos da
populagdo microbiana autdctone € crucial para a sua aplicacdo com sucesso na remediagdo de
areas contaminadas.

Em estudos anteriores realizados pelo grupo de pesquisa em Geotecnia Ambiental,
do PPGEng-UPF, foi realizada a produc¢ao de biossurfactante pela bactéria Bacillus
methylotrophicus, através de fermentagao submersa em meio composto por soro de leite e
permeado da ultrafiltra¢do de soro de leite, sendo recuperado e caracterizado como surfactina.
Apds, a surfactina foi adicionada em solos que haviam sido contaminados por compostos
oleosos (20%). A contaminacdo com 20% de biodiesel (m/m) foi escolhida a fim de se realizar
uma simulacdo de contaminagdo extensiva com este tipo de combustivel, como por exemplo,
as que ocorrem em acidentes viarios, uma vez que a maior parte da distribui¢do do biodiesel
ocorre via rede rodovidria. Os estudos comprovaram que a adicdo dos biossurfactantes
microbianos foi positiva sobre a degradacdo do contaminante (Decesaro, 2016, Decesaro et
al., 2020, Decesaro, 2016).

Entretanto no decorrer do estudo verificou-se que a técnica para obtengdo destes
compostos microbianos pode ser onerosa, em func¢ao dos nutrientes requeridos e necessidade
de controle das condi¢cdes ambientais nos biorreatores, além da necessidade de processos de
recuperagdo dos biossurfactantes dos meios de cultivo para posterior uso em processos de
biorremediacdo. Entdo, o grupo de pesquisa realizou novo estudo (Machado et al., 2020), com
aplicacdo de bioestimulacdo (meios preparados com soro de leite) e bioaumentagdo (B.
methylotrophicus), avaliando os efeitos na biorremediagdo do o6leo diesel e evidenciando a
producdo in situ de biossurfactantes, por meio de efeitos na tensdo superficial. No estudo, a
producdo de biossurfactantes in situ, apresentou tendéncia de redugdo da tensdo superficial,

apo6s 30 dias, para os tratamentos de bioaumentagdo e bioestimulagdo, indicando a liberagao



de compostos tensoativos. Com relagdo a taxa de remocdao de oOleo diesel obtida pela
biorremediacao, foi de 60,48% em 60 dias, resultado semelhante aos obtidos pela atenuagao
natural (59,82%), o que pode ser explicado devido as baixas quantidades de bioestimulantes
adicionados e por ndo se ter seguido a relagdo 6tima C:N.

Desse modo, o objetivo geral deste estudo foi avaliar a producao de biossurfactante no
solo e verificar a influéncia dos biocompostos sobre o processo de reteng¢ao e biodegradagao
do contaminante.

O presente documento esta dividido por capitulos:

- Introducdo geral: contextualizagdo do tema e da linha de pesquisa;

- Capitulo I: apresenta uma revisao de literatura sobre o tema, intitulada Biosurfactants
during in situ bioremediation: factors that influence the production and challenges in
evalution, publicado na revista Environmental Science and Pollution Research, vol. 24, pag.
20831-2084, 2017,

- Capitulo II: apresenta todos os testes realizados preliminarmente apresentados na
Qualificacao;

- Capitulo III: apresenta o estudo referentes aos efeitos dos biossurfactantes na sor¢ao
do ¢6leo diesel no solo, através do artigo Application of two bacterial surfactants in clayey
soil: effects on diesel oil sorption, em fase de submissao;

- Capitulo IV: apresenta o estudo referentes aos efeitos da bioestimulagdo e
biorremediagdo no solo, com verificagdo da produgdo do biossurfactante diretamente no solo,
através do artigo Biostimulation of the in situ production of biosurfactants during the
bioremediation of diesel oil in clayey soil, em fase de submissao;

- Conclusao geral: apresentacdo das conclusdes finais do estudo;

Além disso, nos Anexos estdo apresentadas outras publicagdes e comprovante de
deposito de Patente junto ao Instituto Nacional da Propriedade Industrial, realizadas durante
esse periodo, oriundos de parcerias do grupo de pesquisa e da dissertacdo de mestrado da

autora desta tese de doutorado.



2 CAPITULO I: Biosurfactants during in situ bioremediation: factors

that influence the production and challenges in evaluation'

Abstract

Research on the influence of biosurfactants on the efficiency of in situ bioremediation of
contaminated soil is continuously growing. Despite the constant progress in understanding the
mechanisms involved in the effects of biosurfactants, there are still many factors that are not
sufficiently elucidated. There is a lack of research on autochthonous or exogenous microbial
metabolism when Biostimulation or bioaugmentation is carried out to produce biosurfactants
at contaminated sites. In addition, studies on the application of techniques that measure the
biosurfactants produced in situ are needed. This is important because, although the positive
influence of biosurfactants is often reported, there are also studies where no effect or negative
effects have been observed. This review aimed to examine some studies on factors that can
improve the production of biosurfactants in soils during in situ bioremediation. Moreover, this
work reviews the methodologies that can be used for measuring the production of these
biocomposts. We reviewed studies on the potential of biosurfactants to improve the
bioremediation of hydrocarbons, as well as the limitations of methods for the production of

these biomolecules by microorganisms in soil.
Keywords: Contaminated soil. Hydrocarbons. Biodegradation. Microbial surfactant
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3 CAPITULO II: Avaliacio de metodologias para quantificacio de

biossurfactante em solo

3.1 Introducao

A biorremediacdo surgiu como uma abordagem direcionada para remediar locais
contaminados. E um processo que envolve a a¢do de microrganismos e suas enzimas para
degradar os contaminantes (Karigar; Rao, 2011; Kumar et al., 2019; Sidhu et al., 2019). Neste
processo, diferentes microrganismos como bactérias, fungos e leveduras, podem produzir
biossurfactantes. Os biossurfactantes sdo um grupo estruturalmente Unico de moléculas
tensoativas. Eles tém natureza anfifilica, pois contem partes polares e apolares em sua
estrutura. A por¢ao hidrofébica inclui monossacarideo, polissacarideo, proteinas ou grupo de
peptideos, enquanto a porg¢ao hidrofilica contém gordura saturada, gordura insaturada, alcool
graxo ou acido graxo hidroxilado (Saharan et al., 2011). Essas propriedades do biossurfactante
o tornam um excelente agente dispersante, emulsificante e espumante (Singh et al, 2020). A
emulsificagdo de oOleos ou hidrocarbonetos facilita seu transporte e aumenta sua
biodisponibilidade para microrganismos degradadores de hidrocarbonetos (Xu et al., 2018).

Os biossurfactantes bacterianos sao os mais relatados na literatura, principalmente dos
géneros: Pseudomonas sp., Bacillus sp., e Acinetobacter sp. (Fontes et al., 2008; Jacques et
al., 2007), sendo que os compostos produzidos por Pseudomonas sp., Bacillus sp., estao entre
os principais biossurfactantes usados na remediagdo do solo (Sachdev; Cameotra, 2013),
portanto, a mensuracdo de surfactina e ramnolipideos, em solos contaminados, se torna
importante. Contudo ¢ necessdrio o desenvolvimento de diferentes técnicas de extragdo e
mensuragao destes biossurfactantes no solo.

O desafio consiste em extrair o biossurfactante que se encontra junto ao solo, através
de técnicas economicamente viaveis e de facil execugdo, com posterior mensuracao através
de métodos sensiveis para medi¢do da concentragao do biossurfactante em meio aquoso.

Portanto, ainda se encontram lacunas, sendo necessario estudos para avaliar as
complexas interacdes entre a matriz do solo, biossurfactantes, microrganismos e
contaminantes. Decesaro et al. (2017) apresenta esta deficiéncia existente em pesquisas que
avaliam a biorremediagdo em conjunto com biossurfactantes, sem que se tenha metodologias

definidas para a quantificacao dos biocompostos em solos. Desse modo, o objetivo do presente



estudo foi avaliar metodologias para mensuracao da producdo de biossurfactantes diretamente

no solo.

3.2 Materiais e métodos

A fim de estudar os processos de extracdo e mensuragao dos biossurfactantes, a partir
de sua interacdo com os solos, primeiramente o biocomposto foi produzido em biorreatores,
para posteriormente ser adicionado ao solo em concentra¢des conhecidas, com o objetivo de

se conduzirem os experimentos de padronizagdo de metodologias de extracdo e quantificagao.

3.2.1 Producao de biossurfactantes com Bacillus methylotrophicus

Inicialmente construiu-se a curva de crescimento da bactéria Bacillus
methylotrophicus, o qual havia sido previamente isolado e identificado por Decesaro et al.
(2013), para a verificagdo do tempo em que permaneceria em fase exponencial. A
concentracdo celular foi obtida a partir da leitura da absorbancia a 610 nm, para que a
inoculagdo do microrganismo no meio de cultivo ocorresse na fase de crescimento.

A produgao de biossurfactantes foi realizada com a bactéria Bacillus methylotrophicus,
a qual ¢ conhecida por ser produtora de surfactina.

A produgdo de surfactina através do B. methylotriphicus foi realizada de acordo com
Decesaro et al. (2020), a qual utilizou como componente do meio de cultivo o soro de leite.
Antes da utilizagdo, o soro de leite foi caracterizado através de analises fisico-quimicas de
proteina (AOAC, 2005), cinzas, gordura, lactose, solidos totais, umidade, pH e condutividade
de acordo com o Instituto Adolfo Lutz (2008).

O indculo do microrganismo foi preparado em meio PC (Plate Count), composto por
triptona (5 g/L), extrato de levedura (2,5 g/L) e glicose (1g/L), a partir de tubos contendo o
microrganismo isolado em meio PCA (Plate Count Agar) com a finalidade de multiplicagdo
das células para dar inicio ao processo fermentativo. Em erlenmeyers de 250 mL foi
adicionado 50 mL do meio PC, o qual foi inoculado com 2 al¢adas de coldnias em erlenmeyer,
com posterior incubagao em agitador orbital por 48 h a 30 °C.

O meio de cultivo foi composto por 50 mL de soro de leite e a adi¢do de fontes de
nitrogénio, indutor e micronutrientes estudados por Decesaro et al. (2020), o qual obteve a
melhor condi¢cdo com 0,5 g (1%) de sulfato de amonio, com adi¢ao de 0,25 mL da solucdo de

micronutrientes ¢ 1 mL (2%) de 6leo de soja. A solugcdo de micronutrientes foi composta por



Br: 0,026 g/L, Cu: 0,05 g/L, Mn: 0,05 g/L e Zn: 0,07 g/L, de acordo com Praveesh et al., 2011.
Quando utilizado o soro de leite como meio de cultivo para a producao de biossurfactantes, o
mesmo foi submetido a um pré-tratamento, através do ajuste do pH a 4,0 com HCI (1,0 mol/L)
com posterior ebuli¢cdo durante 10 min. Apods arrefecimento, o precipitado foi removido por
filtragdo através de algoddo, o pH foi ajustado com NaOH (1,0 mol/L) para 7,0 ¢ o
sobrenadante autoclavado (Joshi et al., 2008). O pré-tratamento foi realizado com a finalidade
de precipitar a proteina e hidrolisar a lactose, ficando mais disponivel para os microrganismos.

Os experimentos foram realizados em erlenmeyers de 250 mL com 50 mL de meio de
cultivo para realizacdo da fermentag¢do. A inoculacdo foi realizada com adicao de 2 mL de
indculo preparado anteriormente, apresentando densidade 6tica maior ou igual a 0,8 a 660 nm.
Os erlenmeyers foram mantidos em agitador orbital a 30 °C durante 5 d, sendo retiradas
aliquotas no tempo inicial, 2 d e 5 d para a determinagdo da tensdo superficial do meio,
realizada na auséncia de células, apds centrifugacao das amostras a 5000 rpm por 20 min, em
centrifuga Quimis®.

A tensao superficial foi usada como medida da producdo de biossurfactantes, e foi
determinada, para verificar a produ¢ao de biossurfactante através de fermentagdo submersa,
com 15 mL de amostra conforme o método do anel Du-Nuoy’s Ring, utilizando tensiometro,
marca Sigma, modelo 702.

Apds o bioprocesso, o biossurfactante foi recuperado do meio livre de células de
acordo com Dubey e Juwarkar (2001), sendo o caldo livre de células acidificado a pH 2 com
HCI (1,0 mol/L), seguido por resfriamento durante 24 h a 4 °C e posterior centrifugacao a
5000 rpm durante 10 min.

Posterior a precipitagdo do biossurfactante foi realizada a liofilizagao (liofilizador
marca Terroni), através da desidrata¢do das amostras a frio sob vacuo, com acondicionamento
a -40 °C até o momento do uso. Os biossurfactantes liofilizados obtidos foram utilizados nos

testes iniciais de padronizacao de metodologias para mensuragdo de biossurfactantes.

3.2.2 Desenvolvimento da metodologia para mensuracio de biossurfactantes em

meio aquoso

Foram testadas metodologias de determinagdo da concentracdo de surfactina e
raminolipidios através de método colorimétrico. As metodologias foram testadas para meio

aquoso, pois o biossurfactante sera extraido do solo em meio aquoso.



A surfactina foi mensurada em fun¢do da sua porgdo proteica, através de ligagdes
peptidicas, determinada através do método de Biureto (Gornall et al., 1949). Estes
procedimentos foram realizados para a surfactina produzida e pré-purificada em laboratorio.

Em tubos de ensaio, em triplicata, foi adicionado 2,5 mL da amostra previamente
diluida, adicionado de 2,5 mL do reagente de Biureto, com posterior agitacdo. Deixou-se em
banho-maria por 15 min a 37 °C. Posteriormente, as amostras foram lidas em
espectrofotometro a 540 nm. Para a realiza¢ao do branco foi utilizado 4gua destilada. A curva
padrao foi estabelecida para concentragdes de surfactina entre 10 a 500 mg/L.

O reagente de Biureto, de acordo com Gornall et al. (1949), foi composto por 1,5 g de
sulfato de cobre (CuSO4.5H»0) e 6 g de tartarato duplo de sodio e potassio
(KNaC4H406.4H20) dissolvido em 500 mL de agua destilada. Adicionado, sob agitacao
constante, 300 mL de solugdo de NaOH 10%, e 1g de iodeto de potéssio (KI), posteriormente
o volume da solugdo foi completado para 1 L com agua destilada.

Os raminolipidios foram mensurados devido a por¢ao de actcar, presente na ramnose
monohidratada L (CsH1205.H2O) comercial, determinado através do método fenol-acido
sulfarico (Dubois et al., 1956).

Em tubos de ensaio foi adicionado 1 mL de amostra contendo ramnose, 1 mL da
solucdo de fenol 5% e 5 mL de 4cido sulftrico concentrado. Apos, os tubos foram agitados
em vortex e deixados em repouso por 10 min a temperatura ambiente, posteriormente os tubos
foram resfriados em banho de agua fria por 20 min, e realizada a leitura de transmitancia a
490 nm em espectrofotdometro. Para a realizagdo do branco foi utilizado agua destilada. A
curva padrdo foi estabelecida para concentracdes de ramnose entre 2 a 100 mg/L (Prieto,
2007).

Para avaliar a relacdo entre a concentracdo de biossurfactante ¢ a redugdo da tensao
superficial foi elaborada curva padrio, com a surfactina produzida no laboratério.

Foi preparada uma suspensao com o biossurfactante em uma concentragao de 500 mg/L
diluida em 1:1 de 4dgua destilada e alcool etilico 92,8%. A solucdo foi posteriormente agitada
por 20 min em agitador magnético. Apds, a suspensdo foi sonicada por 10 min, com o intuito
de acelerar a solubilizagdo do biossurfactante.

A partir desta solucdo foram realizadas diluigdes sucessivas variando-se de 0,5 a 500
mg/L de biossurfactante, e foi realizada a medida da tensao superficial de cada solucdo (Alves,
2013). Assim foi obtida a curva padrdo para o biossurfactante testado que relacionard a tensao

superficial (mN/m) com a concentragdo (mg/L).



A metodologia referente a extracdo de biossurfactantes do solo foi executada
utilizando-se como referéncia o estudo realizado por Martinez-Toledo e Rodriguez-Vazquez
(2013). Os testes iniciais foram realizados com concentra¢des conhecidas (250 mg/kg, 1250
mg/kg e 2500 mg/kg) de surfactina produzida em laboratorio, para se determinar a
sensibilidade do método espectrofotométrico e cromatografico para esta mensuragao.

Os biossurfactantes foram diluidos em &4gua, sendo que a quantidade de agua
adicionada foi de acordo com a umidade inicial do solo, com objetivo de se alcangar a umidade
final de 34%. Ap0s a diluicdo, a solugdo foi adicionada em 10 g solo estéril e os erlenmeyers
foram deixados em repouso por 72 horas para ocorrer a interacdo do solo com o
biossurfactante.

Os biossurfactantes foram extraidos através da adigao de 100 mL de solvente (1:1 de
agua destilada e alcool etilico 92,8%) em 10 g, com posterior agitacdo a 150 rpm a 25 °C até
o tempo correspondente a leitura de cada amostra. Apos a amostra foi sonicada por 10 min
com o objetivo de ocorrer uma melhor solubiliza¢do do biossurfactante no meio, na sequencia
foi realizada a filtragdo com acetato de celulose, com abertura de poro de 20 um para retirada
das particulas mais grosseiras do solo, e posteriormente foi realizada filtragdo com membrana
de celulose com abertura de poro de 0,22 um, com o intuito de deixar a solu¢do limpida. O
liquido resultante foi utilizado para avaliar e quantificar a presenca de biossurfactante, através
do método de Biureto e da leitura de tensdo superficial, nos tempos 0, 3, 7 e 10 horas. Apos a
extragdo do biossurfactante do solo, foram determinadas as concentragdes de surfactina de

acordo com as metodologias padronizadas em meio aquoso.
3.3 Resultados e discussao
3.3.1 Producao de biossurfactantes a partir de Bacillus methylotrophicus
Inicialmente foi construida a curva de crescimento da bactéria B. methylotrophicus
com o objetivo de verificacdo das fases de crescimento do microrganismo. A Figura 1

apresenta a curva de crescimento.

Figura 1: Curva de crescimento da bactéria Bacillus methylotrophicus.
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Através da curva pode-se verificar que a fase de maior crescimento ocorreu até as 36
h, desse modo a inoculagdo do microrganismo no meio de cultivo foi realizada 24 h apds o
inicio da ativagao.

Apos foi realizada a caracterizagao do residuo que foi utilizado no meio de cultivo para
a producdo de biossurfactantes, através de fermentacdo submersa com Bacillus
methylotrophicus.

O soro de leite era composto por 92,20% de agua, e o restante constituido por solidos
totais (6,54 g/100g), sendo proteina (1,16 g/100g), lactose (4,46 g/100g), gordura (0,21
g/100g), cinzas (0,09 g/100g), apresentando um pH de 5,11. Essa composicdo estd muito
proxima, a composicao descrita por Andrade (2010), dita como tipica.

Através dos resultados obtidos verificou-se que o soro de leite utilizado apresentou
composi¢ao de soro de leite acido (Spalatelu et al., 2012; Seguenka, 2016), com caracteristicas
semelhantes ao verificado por Decesaro et al. (2020), que também utilizou este residuo para
producao de surfactina. Os valores de pH estdo diretamente relacionados com a contagem
bacteriana total, devido a essas bactérias serem capazes de fermentar a lactose presente no
leite, formando 4cido latico, ocasionando a diminui¢do do pH (Nunes; Santos, 2015).

Como consequéncia da salinidade, o soro de leite 4cido ¢ mais dificil de ser processado
e tem maiores custos de disposi¢ao do que o soro doce (Blaschek et al., 2007). O seu uso em
alimentos ¢ mais limitado, por causa do seu sabor 4cido e alto teor de sais (Mawson, 1994).
Devido a isso, a sua aplicagdo em processos fermentativos, como verificado por Decesaro et

al. (2020), pode ser uma alternativa.
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De acordo com Spalatelu (2012), o soro de leite, bem como a corrente de sais e lactose,
pode ser utilizado em processos fermentativos de produgao de bioprodutos com elevado valor
agregado, tais como enzimas, compostos antimicrobianos, bioemulsificantes e proteina de
origem unicelular (single cell protein), devido a sua composi¢ao rica em nutrientes. Porém,
um obstaculo para a utilizagdo do soro de leite ¢ a grande quantidade de lactose presente, a
qual contribui para sua baixa solubilidade (Seguenka, 2016). Entretanto, a lactose é um tipo
de carboidrato muito utilizado como material energético em processos biotecnoldgicos.

No referido estudo, o soro de leite, para poder ser utilizado pelo Bacillus
methylotrophicus, que nao ¢ uma bactéria latica, passou previamente pelo pré-tratamento, o
qual possibilitou o uso pelo microrganismo que nao sintetiza a f-galactosidase (Domingues
et al., 1999), pois precipitou a proteina e hidrolisou a lactose.

Desse modo, os processos biotecnologicos tém contribuido para o uso de residuos
gerados em processos agroindustriais. Estes residuos constituem-se matérias-primas
importantes para a composi¢do de meios de cultivo em processos fermentativos, agregando
valor a estes residuos. Por outro lado, o uso destas matérias-primas em substituicdo aos
compostos comumente utilizados nos bioprocessos como meios de cultivo, pode contribuir
para a diminui¢ao dos custos de producao (Muthusamy et.al., 2008), tornando-os tecnologias
mais acessiveis. Os bioprodutos, por sua vez, por serem obtidos através de vias naturais,
encontram aplicagdo mais bem aceita que aqueles similares obtidos através de processos de
sintese quimica.

Na Figura 2 sdo apresentados os resultados da tensao superficial obtida durante as duas
bateladas da fermentacdo submersa com soro de leite utilizando o Bacillus methylotrophicus.
Foram necessarias duas bateladas para a obtencao de surfactina suficiente para a elaboragao

da padronizacdo das metodologias.

Figura 2: Tensao superficial obtida na produgdo de biossurfactantes durante as duas

bateladas da fermentacao submersa com Bacillus methylotrophicus.
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Para a primeira batelada da fermentagdo submersa no tempo inicial obteve-se a tensao
superficial de 43,98 mN/m, e ap6s 5 dias de fermentagdo a tensao foi de 41,28 mN/m. Ja para
a segunda batelada de fermentacao, a tensao superficial inicial foi de 33,38 mN/m e a tensao
final de 29,19 mN/m, indicando a produgdo de biossurfactantes.

A divergéncia entre as tensoes superficiais iniciais entre as bateladas pode ser devida
as caracteristicas do soro de leite utilizado. Mesmo sendo o soro proveniente da mesma coleta,
a composi¢ao de nutrientes em cada bombona pode variar.

A reducdo da tensdo superficial ndo foi muito acentuada, sendo de entorno de 8,90%
(Figura 2), porém as duas bateladas da fermentagdo submersa resultaram em uma quantidade
aproximada de 20,22 g de surfactina, sendo a quantidade de interesse para ser utilizada nas
padronizagdes das metodologias.

Est4d em desenvolvimento a fermenta¢do com o meio mineral para a bactéria Bacillus
methylotrophicus, sendo posteriormente empregada também para Pseudomonas aeruginosa,

para verificar a producgao de biossurfactantes.

3.3.2 Padronizacio de metodologias para determinacio de biossurfactantes em

meio aquoso
Para a determinagdo da concentragdo de surfactina a partir do método de Biureto foram
realizados dois testes, sendo elaborada duas curvas padrdo. A Figura 3 apresenta a curva para

o primeiro teste com concentragdes que variaram de 120 a 1600 mg/L.

Figura 3: Curva padrdo de surfactina para o primeiro teste.
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Através da Figura 3, pode-se perceber que a curva padrao apresentou um valor de R?
de 0,9929, no entanto, estima-se que as concentracdes de surfactina presentes no solo serdo
menores, como verificado por Martinez-Toledo e Rodriguez-Vazquez (2013). Além disso
observou-se que a solugdo de Biureto, que fornece a colora¢dao para a amostra, poderia ser
aumentada, diminuindo a quantidade de amostra necessaria para a realizacdo das anélises,
devido a isso elaborou-se uma nova curva.

A curva padrao realizada no segundo teste (Figura 4) foi elaborada com concentracdes
inferiores (10 a 500 mg/L), e com adaptacdo na metodologia de Gornall et al. (1949), sendo
utilizada a relacdo de 1:1 (amostra:solucdo de Biureto), com o objetivo de aumentar a

coloragdo da amostra.

Figura 4: Curva padrao de surfactina para o segundo teste.
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Considerou-se adequada a curva padrao do segundo teste para a surfactina (Figura 4).
Caso a concentragdo de surfactina encontrada no solo seja superior a faixa de abrangéncia da
curva, a solug¢ao contendo os biossurfactantes podera ser diluida, para ajustar-se a curva.

O método de Biureto se baseia na reagao do reativo do biureto, que ¢ constituido de
uma mistura de cobre e hidroxido de sddio com um complexante que estabiliza o cobre em
soluc¢do, sendo o tartarato de sodio o recomendado por Gornall et al. (1949). O cobre, em meio
alcalino, reage com as proteinas formando um complexo com a ligacdao peptidica, sendo a
surfactina um peptidio. O produto de reagdo apresenta duas bandas de absor¢dao, uma em 270
nm e outra em 540 nm. Apesar da banda na regido de 270 nm aumentar em seis vezes a
sensibilidade do método do biureto a banda na regido de 540 nm ¢ a mais utilizada para fins
analiticos, porque diversas substincias, normalmente presentes na maioria dos meios
analisados, absorvem na regido de 270 nm causando muita interferéncia no método (Zaia et
al., 1998).

A intensidade da cor desenvolvida pela reagdo € proporcional a concentragdo de
peptidios e por isso ¢ possivel fazer a determinagdo quantitativa através do método
colorimétrico, pois indica as ligagdes peptidicas quando os ions de cobre em solucdo alcalina
formam um complexo de coloracdo violeta.

Através de pesquisas bibliograficas ndo se encontrou estudos onde foram utilizados
métodos colorimétricos para a determinacdo da concentracdo de surfactina. Nos estudos
desenvolvidos por Alves (2013), Silva (2013), Junior (2012) e Bugay (2009), a metodologia

utilizada relacionou a concentracao de biossurfactante com a redug@o da tensdo superficial.
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A surfactina utilizada para a elaboracao da curva padrdo foi produzida no laboratoério,
nao sendo purificada, devido a isso se acredita que a concentragdo real do composto seja
inferior, pois esta foi somente precipitada e liofilizada, o que ndo consiste um método de
purificacdo que obtenha compostos de elevada pureza. Desse modo, sera elaborada nova curva
padrdo para surfactina (Cs3Ho3sN7O13) padrao, com pureza > 98%, para se ter maior precisao
nos dados.

Para a determinacao da concentracdo indireta de raminolipidios foram realizados
alguns testes. No primeiro teste descrito foi elaborada uma curva padrdo com concentragdes

que variaram de 1 a 50 mg/L (Figura 5), utilizando a metodologia de Dubois et al. (1956).

Figura 5: Curva padrao de ramnose para o primeiro teste.

0,45 -
y = 0,0076x + 0,0047
0,40 - R* = 0,9929
0,35
0,30
0,25
0,20
0,15
0,10
0,05

0,00 T T T T 1
0 10 20 30 40 50

Concentracio de ramnose (mg/L)

Abs (nm)

Através da Figura 5 pode-se obter uma curva padrao satisfatoria. No entanto, os valores
de absorbancia se encontravam proximos do extremo inferior, entdo com o intuido de ampliar
a faixa de concentragdo, optou-se por refazer a curva com o dobro da concentragdo de ramnose

(2 2 100 mg/L), apresentada na Figura 6.

Figura 6: Curva padrao de ramnose para o segundo teste.
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A curva padrdo apresentada na Figura 6 foi considerada apropriada para a realidade
que se pode encontrar na solu¢ao contendo raminolipidios extraidos do solo.

O método fenol sulfurico de Dubois et al. (1956) utilizado para a determinacao da
ramnose, baseia-se na determinagdo de aglcares simples, polissacarideos e seus derivados
incluindo os metil-ésteres com grupos redutores livres, apds a desidratagdo dos mesmos pelo
acido sulfurico e subseqiliente complexagdo dos produtos formados com o fenol. A mudanga
da cor da solucdao ¢ medida na regido do visivel e ¢ proporcional a quantidade de acticares
presentes na amostra. A reagdo € sensivel e de cor estavel (Silva et al., 2003).

A ramnose utilizada para a elaboragdo da curva padrao foi a comercial que apresenta
99% de pureza, desta forma curvas semelhantes foram encontradas por outros autores (Pietro,
2007; Mano, 2008) utilizando a mesma metodologia.

Sera elaborada, adicionalmente, a curva padrdo com o biossurfactante raminolipidio,
com pureza > 90%.

Elaborou-se também a curva padrao para a surfactina a partir da relagdo entre a
concentragdo de biossurfactante e a reducao da tensdo superficial, conforme elaborado por
Alves, (2013); Silva, (2013); Junior, (2012) e Bugay, (2009), entre as concentracdes de 10 a
400 mg/L (Figura 7).

Figura 7: Curva padrao para a surfactina relacionando a concentracao com a reducao da

tensdo superficial.
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A curva padrio apresentada na Figura 7, foi considerada apropriada para a
representacao da surfactina extraida do solo. No entanto, quando comparada com outros
estudos, pode-se verificar que a concentracao utilizada ¢ superior aos demais. Alves (2013),
Silva (2013) e Mano (2008) utilizaram concentracdes entre 1 e 25 mg/L. Isso se deve ao fato,
de que a surfactina utilizada neste estudo ndo ¢ purificada, e sim recuperada, justificando a
necessidade de uma maior concentragao.

O teste para mensuragdo do biossurfactante foi executado com o objetivo de avaliar a
eficiéncia do método em recuperar o biocomposto do solo. Desta forma, foram adicionadas
concentragdes conhecidas de surfactina no solo (250 mg/kg, 1250 mg/kg e 2500 mg/kg) para
verificar a eficiéncia do método em recuperar a quantidade adicionada.

Apoés a extragdo, a concentragdo de surfactina foi verificada através dos métodos
padronizados em meio aquoso. Na Tabela 1 s3o apresentados os valores obtidos para a

extra¢cdo do biossurfactante em solo, através do método de Biureto.

Tabela 1: Mensuragao do biossurfactante adicionado ao solo, através do método de Biureto.

Tempo de  Conc. de surfactina Conc. .de Conc. fie Recuperac¢io
Trat extracio (h) adicionada (mg/kg) surfactina  surfactina (%)
(mg/L) (mg/kg)
1 0 38,80 776,04 310,42
2 3 750 61,01 1220,26 488,11
3 7 134,01 2680,12 1072,05
4 10 66,11 1322,12 528,85
5 0 1250 58,75 1175,07 94,01
6 3 102,67 2053,39 164,27
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141,32
98,93
106,71
106,42
132,84
83,17

2826,49
1978,55
2134,12
2128,35
2656,74
1663,37
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226,12
158,28
85,36
85,13
106,27
66,53

Através da Tabela 1 pode-se verificar que a recuperagdo foi superior a quantidade de

biossurfactante adicionado. Acredita-se que isso se deve ao fato de que, podem estar sendo

recuperados do solo outros componentes que nao biossurfactantes, tais como células

microbianas que podem estar causando interferéncia, ndo estando o método de extracao

adequado, necessitando de ajustes e ainda da aplicagdo da outra metodologia descrita no item

6.

apresentada na Tabela 2

Realizou-se também a mensuracao através da tensdo superficial, a qual esta

Tabela 2: Mensuracao do biossurfactante adicionado ao solo, através da tensao superficial.

Concentracio de Tensao Concentracio -
Tempo (h) A ] ) Recuperacao
Trat de extracio surfactina superficial de surfactina (%)
adicionada(mg/kg) (mN/m) (mg/kg)
1 0 29,84+0,017 6149,14 2459,66
2 3 250 30,06+0,015 6076,79 2430,72
3 7 29,570,017 6240,03 2496,01
4 10 30,06+0,025 6076,79 2430,72
5 0 30,04+0,056 6082,34 486,59
6 3 1250 28,31+0,072 6674,31 533,94
7 7 29,89+0,015 6133,51 490,68
8 10 30,14+0,010 6049,10 483,93
9 0 30,14+0,032 6050,21 242,01
10 3 2500 30,14+0,017 6049,10 241,96
11 7 29,910,015 6126,82 245,07
12 10 30,31+0,062 5992,86 239,71

Pode se observar, através dos dados obtidos que a recuperacdo também foi muito

superior a concentracdo adicionada. Neste caso o erro pode estar relacionado ao uso de alcool

etilico na extracdo do biossurfactante do solo, sendo que este componente faz com que a

tensdo superficial diminuia, dando um resultado falso quando relacionado com a concentracao

de surfactante.
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Para posteriores estudos que envolvam a quantificagdo de biossurfactantes em extratos
de solo, algumas técnicas de purificacao e analise estdo disponiveis para a sua caracterizagao
estrutural e quantificacdo. Métodos analiticos cromatograficos e/ou espectrométricos de
simples a sofisticados sdo empregados nesta caracterizagdo, por exemplo, ha a possibilidade
de aplicacdo de métodos que envolvam cromatografia em camada delgada (CCD),
cromatografia gasosa (CG), espectroscopia no infravermelho por Transformada de Fourier
(FTIR), cromatografia gasosa- espectrometria de massa (CG-EM), cromatografia liquida de
alta eficiéncia (CLAE), cromatografia liquida-espectrometria de massa (CL-EM) e

ressonancia magnética nuclear (RMN) (Varjani e Upasani, 2017; Alves, 2020).

3.4 Conclusao

A utilizagdo do método de Biureto, ndo foi eficaz para a avaliagdo da producgdo de
biossurfactantes no solo através da determinacao da fracdo proteica da surfactina. A aplicacao
da curva padrdo a partir da relagdo entre a concentracdo de biossurfactante e a reducao da
tensdo superficial, apresentou resultados de porcentagem de recuperagao acima do adicionado,
isso pode ter ocorrido devido ao uso de alcool etilico na extragcdo do biossurfactante do solo.

Desse modo, verificou-se que a producdo de biossurfactante diretamente no solo ¢
complexa de ser avaliada, e necessita de aprimoramentos no método de extracdo e na sua

posterior quantificacao.
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4 CAPITULO III: Application of two bacterial surfactants in clayey soil:

effects on diesel oil sorption’

Abstract

This study investigated the retention of diesel in clay soil during biostimulation by bacterial
biosurfactants (surfactin or rhamnolipid) with different rainfall volumes. Several experiments
were conducted in the laboratory with various moisture contents (15%, 25%, and 35%) and
biosurfactant concentrations (0%, 0.25%, and 0.5%). The volume of diesel oil, equivalent to
the void volume of the soil, was placed on top of the soil and allowed to percolate for 20 days.
After this period, the specimens were subjected to different rainfall conditions (0 mm, 15 mm,
and 30 mm) and monitored for another 20 days. The highest retention of diesel oil occurred
with the soil presenting 15% moisture, without rainfall, and with a 0% biosurfactant
concentration; the retention rates were 130.33 g/kg in the presence of surfactin and 130.97
g/kg in the presence of rhamnolipid. Statistical evaluation revealed that moisture content and
rainfall were the factors that most influenced the retention of diesel oil in the soil. The surfactin
or rthamnolipid concentration did not have an effect; that is, regardless of the amount of
biosurfactant added to the soil, there was no variation regarding the residual contaminant
content. Thus, it can be said that the insertion of surfactin or rhamnolipid in sufficient quantity

for effective bioremediation does not affect the percolation of the contaminant in the soil.
Keywords: contaminant retention, diesel oil, rhamnolipid, surfactin,
4.1 Introduction

Globally, oil is the most consumed fossil fuel compared with other energy sources,
such as coal and natural gas (Karthick et al., 2019). Generally, crude oil products are
transported from exploration and extraction sites to refineries and fractional refinery products
to the point of distribution through trucks, railways, pipelines, and ships. The main sources of
oil contamination in soil are leaks in fuel storage systems, cargo transportation accidents, and
improper management of oil waste disposal (Almansoory et al., 2015; Hu et al., 2014).

Accidental spills lead to degradation of natural ecosystems and favor the accumulation

of hydrocarbons in living organisms. Hydrocarbon contaminants are known to belong to the

2Angela Carolina Cappellaro, Bruna Strieder Machado, Iziquiel Cecchin, Antonio Thomé, Luciane Maria Colla
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family of hazardous pollutants due to their toxicity, mutagenicity and carcinogenicity
(Abdollahinejad et al., 2020). Chronic hydrocarbon exposure is known to cause serious health
problems, including allergy, skin disease, heart disease, and endocrine disorders (Cheng et al.,
2017; Zeng et al., 2018; Zhang et al., 2019).

Transport of contaminants—and consequently, the size of the area affected by a spill—
may be influenced by other factors, such as the amount and type of fuel released, soil type,
particle size distribution, and organic content. Such elements will determine the level of
retention and ground fuel attenuation. Such factors also influence the release and subsequent
migration of oily compounds to the subterranean region (Ortega-Calvo et al., 2013).
Therefore, it is essential to implement remediation techniques at these sites to reduce
contaminant concentrations to levels acceptable for maintaining the ecological balance
(Nwankwegu and Onwosi, 2017). One of the techniques that has been widely studied is
bioremediation (Abdollahinejad et al., 2020; Chen et al., 2020; Khayati and Barati, 2017,
Silva-Castro et al., 2012), which consists of using the metabolic potential of microorganisms
to biodegrade the contaminant (Gaylard et al., 2005).

The degradation of the contaminant in the soil occurs naturally because of microbial
activity, with the production of biosurfactants, mainly surfactin (peptide linked to the carboxyl
and hydrocarboxyl groups of long-chain fatty acids) and rhamnolipids (glycolipid consisting
of carbohydrates linked to long chains of fatty acids associated with molecules of rhamnoses).
Pseudomonas and Bacillus species are easily found in soils, and they have been proven to be
involved in the degradation of petroleum compounds (Ali et al., 2012; Ma et al., 2016; Mnif
et al., 2015; Pacwa-Plociniczak et al., 2014).

In addition to the production of naturally occurring microbial surfactants, it is possible
to add biosurfactants as a way to accelerate the biodegradation process (Dai et al., 2020;
Decesaro et al., 2016; Kreling et al., 2020; Mnif et al., 2015). The addition of biosurfactants
has beneficial effects regarding increased hydrocarbon bioavailability and access to degrading
microorganisms (Pantsyrnaya et al., 2011) for use as a nutrient source, but it may have other
consequences not yet measured in relation to soil mobility of the contaminant (Baptista, 2007).
Some researchers have found that contaminant desorption may occur in the soil (Lawniczak
et al., 2013), causing negative effects on biodegradation (Onur, 2015); this desorption may
also be related to environmental factors, such as precipitation (Balseiro-Romero et al., 2018;
Thomé et al., 2017).

According to a study conducted by Thomé et al. (2017), a nutrient insertion (NPK) in

its mineral form affects the soil’s ability to interact with organic contaminants because the
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nutrients have a positive charge and are hydrophilic, which causes the preference for reactions
in the active sites of clays. This effect is associated with the selectivity presented by the clay
minerals to the loads presented in the nutrients, as well as by their hydrophilic behavior. The
authors found that the use of mineral nutrients to promote bioremediation in soils
contaminated with petroleum derivatives can increase the mobility of these contaminants in
the soil. However, studies that address the effect of nutrients in the organic form in the
desorption of contaminants have not yet been developed. Likewise, there are no studies that
show the influence of the addition of biosurfactants on the processes of oil contaminant
mobilization in clayey soils. This study aimed to evaluate whether the addition of
biosurfactants (surfactin and rhamnolipids) influenced the adsorption process of diesel oil-

B10 in clay soil with different precipitation volumes.

4.2 Material and methods

4.2.1 Soil

The soil is pedologically classified as Humic Dystrophic Red Latosol (Streck et al.,
2008) and geotechnically as high plasticity clay (CH) by the Unified Soil Classification
System (ASTM International, 2011). It has acidic pH, low organic matter content, high clay
content, and low cation exchange capacity (CEC) (Streck et al., 2008). The soil showed high
permeability, due to its high porosity and void rate, typical of residual clay soil (Thomé et al.,
2014). The soil was collected at the University of Passo Fundo (geotechnical experimental
campus) in a deformed state at a depth of 1.2 m. Table 1 shows the geotechnical and physical

characteristics of the soil.

Table 1 - Characteristics of the soil used in the experiment.

Parameter (units) Value
Clay (%) 68.0
Silt (%) 5.0
Fine sand (%) 27.0
Liquid limit (%) 53.0
Plastic limit (%) 42.0
Specific gravity of solids 2.67
Field moisture content (%) 34.0
Field unit weight (kN/m?) 16.3

Void ratio 1.2
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Degree of saturation (%) 75.7

Porosoty (%) 54.0

pH 5.4

Organic content (%) 0.5

Cation exchange capacity (CEC) (cmolc/dm?) 8.6
Hydraulic conductivity (m/s) 1.39 x 10

4.2.2 Contaminant

The diesel oil used as a contaminant was supplied by the Brazilian Petroleum
Company (Petrobras), composed of a mixture, 90% of which is diesel oil and 10% of
biodiesel. The largest fraction referring to diesel oil, consists of a complex mixture, derived
from the refining process of crude oil via fractional distillation, that is composed primarily of
saturated or aromatic hydrocarbons with a carbon chain comprising 9 to 30 carbon atoms. Its
main characteristics are as follows: melting point/freezing point: -40 to 6 °C; initial boiling
point and boiling temperature range: 150471 °C; flash point: 38 °C; lower/upper limit of
flammability or explosiveness: 1.0 to 6.0%; vapor pressure: 0.4 kPa at 40 °C; relative density:
0.815-0.853 at 20 °C; solubility: insoluble in water, soluble in organic solvents; octanol/water
partition coefficient: log Kow: 7.22; auto-ignition temperature: > 225 °C; decomposition
temperature: 400 °C; viscosity: 2.0—4.5 cSt at 40 °C; distillation range: 100400 °C at 760
mmHg; and electrical conductivity: 25 pS/m (Petrobras, 2018).

The volume of contaminant inserted was determined according to the specimen

porosity, calculated according to Equation 1.
e
n= 1—+e x 100 (1)

where
n: soil porosity (%);
e: void ratio;

Considering a void index of 1.24, the porosity is equal to 55.36%, and the total
specimen volume is 335.58 cm?. The volume of diesel oil used to saturate the specimen was
185.8 mL or 154.10 g. If the entire volume of diesel oil remained in the soil, it would result

in a concentration of 396.2 g of contaminant/kg of soil.
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4.2.3 Biosurfactants

The surfactin used was produced by submerged fermentation, using the bacterium
Bacillus methylotriphicus that was previously isolated and identified by Decesaro et al. (2013)
and used for biosurfactant production by Decesaro et al. (2020). The fermentation process had
pretreated whey as a substrate, supplemented with 1% ammonium sulfate as a nitrogen source
and the addition of 0.5% of a micronutrient solution (NaBr: 0.033 g/L, CuSO4.5H20: 0.20
g/L, MgS04.7H20: 0.81 g/L, and ZnSO4.7H20: 0.31 g/L; adapted from Praveesh et al., 2011)
and 2% soybean oil as an inducer. After the fermentation process, surfactin was recovered by
precipitation and lyophilized to give crude biosurfactant for later use. This biosurfactant
produced under the conditions was characterized as lipopeptide isoforms and identified as
surfactin by Decesaro et al. (2020). Surfactin is a cyclic peptide of seven a-amino acids linked
to a B-hydroxy fatty acid chain with variable length, 12 to 16 carbon atoms, forming a cyclic
lipopeptide; its primary structure was determined by Kakinuma et al. (1969).

The commercial rhamnolipid biosurfactant (R90, 90% purity) used in this study was
purchased from Sigma-Aldrich, a product supplied by AGAE Technologies LLC (Oregon,
USA), with a 90% purity standard, in solid/granular form. Rhamnolipid biosurfactants are
glycolipids containing L-rhamnose and B-hydroxyl fatty acids, with amphiphilic (hydrophilic
and hydrophobic) properties. This rhamnolipid was produced by the bacterium Pseudomonas
aeruginosa and subsequently purified, containing a mixture of rhamnolipids with fatty acids

of variable tail length (AGAE Technologies, 2017).

4.2.4 Experimental design

In bioremediation strategies, it is important to consider the influence of
physicochemical factors on soil contaminant retention. The aim of this study was the
investigation of soil diesel oil retention, which was measured in specimens under laboratory
conditions. Soil type (clay), void index (1.24), and soil particle contact time with diesel oil
(40 d) were set as variables. The control variables were as follows:

- Gravimetric moisture content of the soil (15%, 25%, and 35%). The content values
were based on a previous study by Thomé et al. (2017);

- The addition of biosurfactants—surfactin or rhamnolipid (0%, 0.25%, and 0.5%).

The definitions of concentrations were based on the study by Decesaro (2016), who verified
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that the addition of the biosurfactant at 0.5% in bioremediation increased the removal of oily
contaminant by about 40% compared with natural attenuation;
- Rainfall volume (0 mm, 15 mm, and 30 mm). These volumes were determined to
simulate the rainfall that commonly occurs in the region where the study was developed.
Table 2 presents the coded and real levels of the variables of the central composite
design 2* with 4 central points, used to evaluate the effect of the variables on soil contaminant

sorption, totaling 12 experiments for each biosurfactant (surfactin or rhamnolipid).

Table 2 - Central composite design 2° with 4 central points to evaluate the action of

biosurfactant (surfactin or rhamnolipid) on the sorption of the diesel oil.

. Conc. of biosurfactant in
Moisture

Experiment relation to the contaminant Rainfall (mm)
content (%)

(%)
1 15 (-1) 0.0 (-1) 0(-1)
2 35 (+1) 0.0 (-1) 0(-1)
3 15 (-1) 0.5 (+1) 0 (-1)
4 35 (+1) 0.5 (+1) 0 (-1)
5 15 (-1) 0.0 (-1) 30 (+1)
6 35 (+1) 0.0 (-1) 30 (+1)
7 15 (-1) 0.5 (+1) 30 (+1)
8 35 (+1) 0.5 (+1) 30 (+1)
9 25 (0) 0.25 (0) 15 (0)
10 25 (0) 0.25 (0) 15 (0)
11 25 (0) 0.25 (0) 15 (0)
12 25 (0) 0.25 (0) 15 (0)

The amount of diesel oil retained in the soil was the response variable - based on the
mass of contaminant extracted from the soil - through the 3550C method (USEPA, 2007),
including soil/contaminant interactions and contaminant leaching due to varying rainfall

volumes.

4.2.5 Specimen molding and rainfall simulation

Initially, the soil was dried and sieved through sieve number 10 (2.0 mm) to avoid
clods and make it homogeneous. In molding the specimens, a constant weight of 400 g of dry
soil was used to ensure that each sample had the same surface area specific to the
physicochemical reactions, making the experiment more representative. The soil was mixed

with distilled water to reach the initial moisture content (15%, 25%, and 35%) before being
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compacted into a PVC mold (67.5-mm internal diameter and 200-mm height) using a hand
press (Fig. 1). When applied, the biosurfactants were added to the water used for conditioning
moisture to obtain the desired initial moisture content for each sample.

The unstructured soil with humidity adjusted to the values determined by the
experimental design was compacted in four layers of 100 g to obtain greater homogeneity of
compaction. The void index was controlled through the height of each layer, with the area of
the PVC pipe and soil mass constant; in this way, the sample density, and consequently, its
void ratio (1.24) were obtained. After the molding of the specimens, the samples did not
undergo modifications that could alter their dry density or void ratio, as they were only
submitted to the contaminant spill simulation and rain simulation (without direct impacts).

The amount of diesel oil added to the specimens was equivalent to the void volume.
The volumes of diesel were spilled on the soil surface, causing the saturation of the specimens,
and part of the contaminant became retained in the porous soil and the remainder percolated
through the soil until the collection system was inserted into the bottom of the perforated
closing cap. To avoid preferential flow, grooves were created in the inner surface of the PVC
pipe and to prevent contamination by the external environment, the upper part of the PVC
pipe was wrapped with a protective plastic film.

The saturation of soil samples is a fundamental parameter for understanding the
dynamics of contaminants in the soil. This control variable was established to assess the
effects of the contaminant's hydrophobicity against different contamination scenarios (periods
of rain and drought). However, in the experimental evaluation, the effects with their peers
were considered, that is, samples with the same moisture content and the presence or absence
of nutrients and simulation or lack of simulation of precipitation. This analysis allows the
sensitivity of the effects of each element in the experiment to be established, indicating
whether, in periods of drought (low soil moisture) or rain (higher humidity), we would have
greater or lesser retentions of the contaminant in the soil.

The experiment was conducted to evaluate only the reactions between the soil and its
components, so that the physicochemical interactions of the contaminant with the soil matrix
could be evaluated without the influence of biodegradation. In this way, the soil, water, or
biosurfactant solution used for moisture correction were sterilized for 20 min at 121 °C and

110 kN/m? of autoclave pressure.
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Figure 1: Schematic model of specimen mounting.
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Rainfall simulation was started after diesel oil percolation in the soil for 20 days.
Rainfall was simulated by pouring water on the surface of the specimens. The volume of water
added was equivalent to 15 mm and 30 mm of rainfall below the surface, corresponding to
52.4 mL and 104.8 mL, respectively. The water percolated the specimen, interacted with the
diesel oil in the free phase or adsorbed on the surface of the particles, and was collected
through the system installed at the bottom. Within 40 days after the beginning of the
contamination, the specimens were exhumed, samples were collected from each experimental

unit, and quantitative analyses of the residual content of diesel oil were performed.

4.2.6 Analytical methods

For the determination of the content of diesel oil retained in the soil, oil and grease
analysis was performed, where the soil was homogenized and 10 g samples were collected in
triplicate for each specimen, and the contaminant was extracted through ultrasound probe
according to method 3550C (USEPA, 2007). The residual content calculation was calculated
according to Equation 2. The amount of residual contaminant in the soil was equal to the

contaminant extracted using this procedure.



41

RC (g/kg) = W 100 (2)

where:

RC: Residual content of contaminant in the soil sample (g/kg);
Dw: Dry weight of the soil used for the analysis (g);

Bw: Empty weight of the beaker (g);

Bw + C: Weight of beaker and contaminant extracted from the soil (g);
4.2.7 Statistical analysis of data

The data treatment was performed using analysis of variance (ANOVA) with a 95%

confidence level (p < 0.05) via Statistica 5.5 (Statsoft, 1999) software.
4.3 Results and discussion

Figure 2 shows the residual soil diesel oil content for all experiments after 40 days,
with Figure 2a referring to the surfactin treatment and Figure 2b to the rhamnolipid treatment.
Table 3 presents the analysis of variance and Table 4 the effect estimates and regression
coefficient of the influence of experimental design variables on residual diesel oil content in

the experiments.
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Figure 2: Residual content of diesel oil in soil (g/kg) after 40 days in the presence of
surfactin (a) and rhamnolipid (b).

(@

140

—_ —_
B (=) [ele] (=3 392
S S (= (=) (=]

Residual content of diesel oil (g/kg)
[\
(=)

| 1T

T1 ™ T3 T4 T5 T6  T7 Ti1 TI2
Treatments

(b)

140

— —_
B N [ee] (= [y}
(=) S (=3 S (=1

Residual content of diesel oil (g/kg)
e}
(=)

| ] QUDHH

Tl ™ T3 T4 T5 T6 T7 TIl TI2
Treatments

Treat. 1: Moisture content, 15%; surfactin or rhamnolipid, 0%; rainfall, 0 mm; Treat. 2: moisture content, 35%;
surfactin or rhamnolipid, 0%; rainfall, 0 mm; Treat. 3: moisture content, 15%; surfactin or rhamnolipid, 0.5%;
rainfall, 0 mm; Treat. 4: moisture content, 35%; surfactin or rhamnolipid, 0.5%; rainfall, 0 mm; Treat. 5:
moisture content, 15%; surfactin or rhamnolipid, 0%; rainfall, 30 mm; Treat. 6: moisture content, 35%; surfactin
or thamnolipid, 0%; rainfall, 30 mm; Treat. 7: moisture content, 15%; surfactin or rhamnolipid, 0.5%; rainfall,
30 mm; Treat. 8: moisture content, 35%; surfactin or rhamnolipid, 0.5%; rainfall, 30 mm; Treat. 9—12: moisture
content, 25%; surfactin or rhamnolipid, 0.25%; rainfall, 15 mm. Note: Equal letters in the same column indicate

no statistical difference at the 95% confidence level.



43

As can be seen in Figure 2, the moisture content of the specimens and the precipitation
volume caused variability in the residual contaminant content present in the soil. The
specimen that presented the highest residual diesel oil content in its structure was that of
experiment 1 (moisture of 15%, 0 mm of precipitation, and 0% biosurfactant concentration),
with 130.33 g/kg in the presence of surfactin and 130.97 g/kg in the presence of thamnolipid

According to the results of the ANOVA, the moisture content significantly influenced
the residual soil diesel oil content in the experiments with surfactin (p < 0.001) or rhamnolipid
(»p < 0.001). The effect of moisture was negative (-61.65 for surfactin and -93.64 for
rhamnolipid), and it was observed that there was a higher retention of residual oil in the
specimens with lower initial moisture (15%). The non-occurrence of this factor was also
observed in specimens of the same configuration, but with a moisture content of 35%. This
effect is associated with hydrophobicity factors existing between the diesel oil and the water
present in the specimen (Cui et al., 2003), which makes the interactions between soil particles
and diesel oil less intense, resulting in less retention in the environment (Chiou, 2002; Ortega-
Calvo et al., 1997). The lower the moisture content, the greater the amount of residual diesel
oil. According to Guiguer (2000), hydrocarbon adsorption in soil materials increases with the
decline in moisture. These findings are associated with the effects of hydrophobicity between
organic contaminants and water present in the soil structure, indicating that higher or lower
moisture content provides different results in the retention of hydrophobic contaminants in the
soil (Schlosser, 2017). Low moisture results in low saturation of the medium, causing the
contaminant to remain adsorbed to the soil.

Regarding the experiments submitted to the rainfall simulation (experiments 5, 6, 7,
and 8), it was verified that there was a difference in the residual content of diesel oil in the
specimens, and the higher the precipitation volume, the lower the volume residual
contaminant content, indicating that the presence of precipitation increases the leaching of the
soil matrix contaminant. Such an effect can be attributed to the fact that the clay minerals and
iron oxides that make up the study soil are more susceptible to interactions with inorganic
and/or polar substances (Thomé et al., 2017). The estimated effects of rainfall also had
significant effects at the 90% confidence level (p < 0.001 for surfactin assays and p = 0.056
for rhamnolipid assays) under the response variable in the experiment; this main effect was
also negative (-41.39 for surfactin and -20.65 for rhamnolipid), meaning that a lower rainfall
level was associated with a higher residual diesel oil content. Thus, these results are associated
with the leaching effects that the rainfall variable provided in the experiment, resulting in

decreases in the initial contamination values.
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Table 3 - Analysis of variance (ANOVA) of the influence of experimental design variables
on residual diesel oil content in the experiments, in the presence of surfactin and

rhamnolipid.
Sum of Degrees Means
squares of square F P
1 freedom 1
Surfactin
Moisture content (%)  15203.43 1 15203.43 50.64  p<0.001
[Surfactin] (%) 73.36 1 73.36 0.24 0.63
Rainfall (mm) 6853.02 1 6853.02 22.82 p<0.001
Moisture content (%)
583.36 1 583.36 1.94 0.18
by [surfactin] (%)
3 (V)
Moisture content (%) - ) 3¢ | 162136 540  p<0.05
by rainfall (mm)
factin] (9
[Surfactin] (%) by £ 55 1 62935  2.096 0.16
Rainfall (mm)
Error 5104.16 17 300.24
Total sum of squares  30068.04 23
Rhamnolipid
Moi 9 .
oisture content (%) 15 75 59 | 3507559 o0 78098 »<0.001
[Rhamnolipid] (%) 432.90 1 432.90 1.07017 0.31
Rainfall (mm) 1705.50 1 1705.50  4.21614 0.056
Moisture content (%)
5.00 1 5.00 0.01237 0.91
by [rthamnolipid] (%)
Moi 9
oisture content (%) 43 g 1 7379 018242 0.67
by rainfall (mm)
o
[Rhamnolipid] (%) by (s, 5 1 65417 161717 0.22
Rainfall (mm
Error 6876.78 17 404.52
Total sum of squares 44823.74 23

As can be observed, the biosurfactant concentration (surfactin or rhamnolipid) did not
present significant effects on the residual diesel oil content. Regardless of the amount of
biosurfactant added to the soil, there was no variation regarding the residual contaminant
content; that is, a higher concentration of surfactin or rhamnolipid did not cause variation in
contaminant leaching. This finding can be positively evaluated, because it means that there
will be no carryover of the contaminant to deeper soil areas in the application of this

biosurfactant at a concentration of 0.5% in the field, and as verified by Decesaro (2016) in a
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previous study, this concentration of surfactin in bioremediation assays increases the

contaminant biodegradation rate.

Table 4 - Effect estimates and regression coefficient of the influence of experimental design

variables on residual diesel oil content in the experiments, in the presence of surfactin and

rhamnolipid.
Effect Regression
estimates coefficient
Surfactin
Media 56.12 56.12 p<0.001
Moisture content (%) -61.65 -30.82 p <0.001
[Surfactin] (%) 4.28 2.14 0.63
Rainfall (mm) -41.39 -20.69 p <0.001
Moisture content (%) by [surfactin] (%) -12.08 -6.038 0.18
Moisture content (%) by rainfall (mm) 20.13 10.07 0.033
[Surfactin] (%) by rainfall (mm) 12.54 6.27 0.16
Rhamnolipid
Media 60.52 60.52 p <0.001
Moisture content (%) -93.64 -46.82 p <0.001
[Rhamnolipid] (%) 10.40 5.20 0.31
Rainfall (mm) -20.65 -10.32 0.056
Moisture content (%) by [rhamnolipid] (%) -1.12 -0.56 0.91
Moisture content (%) by rainfall (mm) -4.29 -2.15 0.67
[Rhamnolipid] (%) by rainfall (mm) 12.79 6.39 0.22

The increase in the rate of biodegradation in situ, in the presence of rhamnolipids, was

also verified by Martinez-Toledo and Rodriguez-Véazquez (2013), who evaluated the

production of rhamnolipids in soil contaminated with hydrocarbons. The production of

biosurfactant was around 2 mg/kg. This concentration, which is much lower than that of the

present study, caused increased decontamination of the soil by total oil hydrocarbons

compared with the control experiment.

The correlation coefficient (R?) obtained for the adjusted models was higher than 0.80

(0.83 for surfactin and 0.84 for rhamnolipid), which means that the percentage of variation

explained by the model was greater than 80%. According to Barros Neto et al. (2001), in
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analysis the variance of a model, a part of the total variation of the observations around the
mean is described by the regression equation, while the rest is part of the residuals; the larger
the fraction described by the regression—or better, how much the closer to 1 the value of R?
is—the better the model will fit the observed data.

It was found that the models showed regression and a lack of significant adjustment at
5% probability; however, according to Box and Wetz (1973) and Bruns et al. (2006), for a
regression to be considered predictive, the F calculated value must be at least 4 to 5 times the
F tabulated value. In our study, the F calculated value in relation to the F' tabulated for
surfactin was 6.63 times higher, and for rhamnolipid, it was 7.48 times higher (Table 5),

indicating the validation of the statistical model and the response surfaces (Figure 3).

Table 5 - Effect estimates and regression coefficient of the influence of experimental design

variables on residual diesel oil content in the experiments, in the presence of surfactin and

rhamnolipid.
Degrees F
Sum of Means F F
of calculated/
squares Square calculated tabulated
freedom F tabulated
Surfactin
Model 24963.88 6 4160.65 13.86 2.091 6.63
Error 5104.16 17 300.24
Total sum
30068.04 23
of squares
Rhamnolipid
Model 37946.96 6 6324.49 15.63 2.091 7.48
Error 6876.78 17 404.52
Total sum

44823.74 23
of squares
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Figure 3: Response surface of residual content of diesel oil in soil (g/kg) after 40 days in the

presence of surfactin (a) and rhamnolipid (b).
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Figures 3a and 3b show what has already been evidenced previously, making it clear
for both surfactin and rhamnolipid that the greater the volume of precipitation and the greater
the moisture content are, the lower the residual content of contaminant present in the soil
becomes. The effect of increased moisture content and precipitation provides greater difficulty
in adsorbing organic contaminants in the soil due to their interactions. Considering a field
intervention, this factor would cause the contamination plume to increase, making the area’s
remediation process more difficult. However, the addition of biosurfactants was not a
significant factor and did not interfere with the final concentration of the contaminant present
in the soil.

This study presented different results to what was verified by Thomé et al. (2017), who
found that the presence of nutrients in the soil caused a difference in the residual contaminant
content; according to the study, this is due to a saturation of the active field of clay minerals
and/or mineral particles capable of performing cation exchange, reducing the natural
attenuation capacity of soils, because of its selectivity by inorganic compounds for load
balancing. This occurred because the biosurfactants were inserted in concentrations lower than
those applied by Thomé et al. (2017), as the positive effect of oily contaminants on

biodegradation has already been verified in previous studies at these concentrations.

4.4 Conclusions

The factors that most influenced the result of oil retention in the soil were moisture
content and rainfall. The lower the moisture content, the higher the residual oil content
adsorbed to the soil, which also reduced the contaminant leaching and increased the
contaminated area. The highest retention of diesel oil occurred with the soil presenting 15%
moisture, without rainfall and 0% biosurfactant concentration, with levels of 130.33 g/kg in
the presence of surfactin and 130.97 g/kg in the presence of rhamnolipid.

The addition of biosurfactants at the concentrations used was not a significant factor
and did not interfere with the final result evaluated. Thus, it can be said that the insertion of
surfactin or rhamnolipid in sufficient quantity for effective bioremediation does not affect the
percolation of the contaminant in the soil. Another point worth mentioning is the importance
of monitoring moisture and the incidence of rainfall in field bioremediation, which will

contribute to the effectiveness of the treatment results.
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5 CAPITULO 1V: Biostimulation of the in situ production of
biosurfactants during the bioremediation of diesel oil in clayey soil®

Abstract

Despite the continuous advances in the understanding of the mechanisms related to the
bioremediation of soils contaminated with hydrocarbons, there are gaps regarding the
assessment of the production of biosurfactants in situ. The objective of this work was to verify
the effects of biostimulation (ammonium sulfate or whey) and bioaugmentation (B.
methylotrophicus) on the in situ production of biosurfactants in soil, evaluated by the
determination of surface tension, during the bioremediation of diesel 0il-B10. Biostimulation
(ammonium sulfate/whey) achieved a total removal of the contaminant of 40%. The
application of biostimulation and bioaugmentation together resulted in the removal of 61.64%
of the contaminant, 28.04% higher in relation to natural attenuation. For bioaugmentation and
biostimulated soils, a decrease in surface tension was observed, indicating the production of
biosurfactants in the soil (44.33 mN/m), which was not observed in natural attenuation (61.49
mN/m) or control treatment (64.45 mN/m). In sterile soil, the sorption values were around
20%, showing that there were no different rates of adsorption of the contaminant. Thus, it was
found that the joint application of biostimulation and bioaugmentation techniques helped in
the production of biosurfactants directly in the soil and increased the biodegradation of diesel

0il-B10 in the soil.
Keywords: biosurfactant, hydrocarbons, bioremediation, adsorption
5.1 Introducio

The modern lifestyle and industrialization have led to soil and water contamination.
The most common environmental pollutants are heavy metals and hydrocarbons (Makombe;
Gwisai, 2018). The main factor that hinders the microbiological decomposition of oil and oil
products is the hydrophobicity of hydrocarbon molecules, which leads to their sorption on
different surfaces and transition to a biologically difficult to access form, due to their high
interfacial tension and low water solubility, which hinders its remediation at the contaminated

site (Ayangbenro; Babalola, 2017; Bhati et al., 2019; Kapoor et al., 2019), as well as the failure
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of effective contact with microbial cells, which generally have a hydrophilic outer layer
(Korshunova et al., 2019).

This barrier can be removed with the application of biosurfactants, amphiphilic
compounds that are combined by hydrophilic and hydrophobic fractions (Lang, 2002; Satpute
et al., 2010; Santos et al., 2016). This composition causes the biocompound to have surfactant
properties, such as reducing surface and interfacial tension in aqueous solutions and
hydrocarbon mixtures (Desai; Banat, 1997; Banat et al., 2000; Singh et al., 2020). The
mechanism of its action is determined by the processes of desorption of organic pollutants and
their transfer to the aqueous phase and, consequently, by the increase of their bioaccessibility
by microorganisms, as well as by the modification of the external surface of the bacteria in
the form of hydrophobization for better contact with hydrocarbon molecules (Pirog et al.,
2015; Santos et al., 2016).

The application of biosurfactants, through bioremediation, presents a perspective
beyond conventional techniques, however, despite the several advantages and good properties
on the chemical surfactant, the main disadvantages are still related to the high cost of
production, low production yield, high costs of downstream and recovery (Araujo et al., 2019).
In addition, the difficulties in synthesizing large quantities of biocompound for environmental
applications also have limitations (Jimoh; Lin, 2019).

For this reason, performing biostimulation in order to increase the production of
biosurfactant in the soil (during bioremediation processes) can be more efficient and present
lower costs than the production of these compounds in bioprocesses followed by purification
or recovery and application in contaminated area (Machado et al., 2020). Whey has already
been used by some authors as a biostimulant in soil during bioremediation processes (Jonsson;
Ostberg, 2011; Machado et al., 2020), due to its nutritional composition. In addition, it is a
by-product of significant importance, since it is also used in the production of biosurfactants
in bioprocesses (Kosseva; Kent, 2013, Decesaro et al., 2020).

Despite numerous scientific articles on biodegradation of hydrocarbons with the use
of bacteria synthesizing biosurfactants, little is known about the production of these
substances by microorganisms directly in the soil (Korshunova et al., 2019), when
microorganisms that have been proven to produce biosurfactants are used for bio-
augmentation. The effective use of these compounds in environmental treatment processes
requires additional data on the structure of biosurfactants and their interaction with the soil

and additional data on pollutants and their effects on the native microbiota, as well as the
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development of methods to monitor their content in the soil and new economic production
technologies (Decesaro et al., 2017).

This work aimed to verify the effects of biostimulation (insertion of ammonium
sulphate and whey) and the bioaugmentation with the bacterium B. methylotrophicus, in order
to evaluate the biodegradation of diesel oil, showing the production of biosurfactants in the
soil through the superficial tension. In addition, the application of biostimulation and/or
bioaugmentation in sterile soil was evaluated to determine the effects on contaminant

retention.

5.2 Material and methods

Figure 1 shows the general flowchart for the methodology applied in the study.

Figure 1: Flowchart with the steps of the applied methodology.
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5.2.1 Characterization of whey

The whey was collected after the cheese making process and characterized through
physical-chemical analysis according to the Adolfo Lutz Institute (2008), presenting 0.44%
ash, 0.30% lipids, 3.72% lactose, 94.67% moisture, 5.33% of total solids, 0.53% of proteins
(AOAC, 2005), and pH 6.92.

5.2.2 Soil

The soil was collected (50 kg) in a deformed state 1.2 meters deep in the experimental
area of the University of Passo Fundo (geographical coordinates 28°13'34.75 "S and
52°23'11.09" O, datum WGS84), and kept in ventilated place for drying, reaching a minimum
humidity of 3.3%. Afterwards, the soil was passed through a sieve (mesh 10, 2.00 mm),
according to the American Society for Testing and Materials (ASTM, 2013). The soil was
classified pedologically as Red Dystrophic Red Latosol (Streck et al., 2008) and
geotechnically as high plasticity clay (ASTM, 2017). The soil is characterized by being very
porous and had a high void rate, typical of residual clay soil, resulting in high permeability

(Thomé et al., 2014).

5.2.3 Bioremediation assay

The bioremediation assays were carried out in cylindrical plastic containers (12 cm in
diameter and 14 cm in height), with 1 kg of soil in each treatment. The soil was contaminated
with 20% diesel 0il-B10, a mixture with 90% diesel oil and 10% biodiesel, (m/m dry basis),
resulting in a concentration of 200 g/kg, in order to carry out the simulation of extensive
contamination with this type of fuel, such as those that occur in road accidents.

Ammonium sulfate was used as nitrogen source, being added based on the optimal
ratio for microbial growth (C: N - 100: 10). Considering the addition of 200 g/kg of diesel oil
and its composition with around 85% carbon, it reached 169.92 g of added C. Thus, it was
necessary to insert 80.18 g/kg of ammonium sulfate, since nitrogen represents 21.19% of the
total composition of ammonium sulfate, resulting in 16.99 g of N. Whey was inserted because
it contains a simpler source of carbon, in addition to the presence of proteins and lactose
(source of C and N), to stimulate the growth of microorganisms, being added in the proportion

of 10% (v/m), resulting in the C:N ratio of 100:9.92. The nitrogen source and whey were
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previously used by Decesaro et al. (2020) in the production of biosurfactant under laboratory
conditions, using a liquid medium in a submerged fermentation process.

In experiments in which the bioaugmentation technique was applied, the inoculum of
the microorganism Bacillus metylotrophicus was carried out. Two loops of microorganisms
from tubes with PCA (plate count agar) were transferred to the plate count (PC) medium
(tryptone, 5 g/L; yeast extract, 2.5 g/L; glucose, 1 g/L), after they were incubated for 24 h for
growth (absorbance 0.8 to 660 nm). Subsequently, 20 mL of the culture medium was
centrifuged with the presence of the bacteria, in order to separate the microorganism, and then
added to the soil in 7 mL of sterile distilled water.

The different treatments were compared with the natural attenuation treatment
(without the insertion of nutrients and/or microorganisms) and with the control treatment (soil
only). The initial soil moisture was adjusted to 34% and the experiments were conducted at
room temperature.

Table 1 shows the experimental design used to evaluate the production of
biosurfactants in the soil and the biodegradation of the contaminant. All tests were performed
in duplicate and monitored for a period of 120 days. To consider the effects of sorption and
desorption present in the clayey soil, parallel tests were carried out with the same experimental
configuration, however, the entire system (soil, nutrients, microorganism, water) was
sterilized in an autoclave for 20 min at 121 °C in properly containers sealed, before the

beginning of the experiment.

Table 1 - Experimental design of the bioremediation assay.

Treatment Bloremefi 1ation Nutrients Contaminant Stenl.l zed
technique soil
1 Biostimulation 8.018% m/m ammonium 20% diesel No
sulfate + 10.7% water 0il-B10
8.018% m/m ammonium o/ 1:
2 Biostimulation sulfate + 10% whey + 20 A) diesel No
0il-B10
0.7% water
Biostimulation 8.018% m/m ammonium
sulfate + 10% whey + B. 20% diesel
3 and L o . No
B methylotriphicus in 0.7% 0il-B10
water
Natural o 20% diesel
4 attenuation 10.7% water 0il-B10 No
5 Controle 30.7% water - No
6 Biostimulation 8.018% m/m ammonium 20% diesel Yes
sulfate + 10.7% water 01l-B10
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8.018% m/m ammonium 20% diesel
7 Biostimulation sulfate + 10% whey + - Yes
0il-B10
0.7% water
8.018% m/m ammonium

Biostimulation sulfate + 10% whey + B. 20% diesel
8 and e o . Yes
. . methylotriphicus in 0.7% 0il-B10
bioaugmentation
water
Natural 20% diesel
0
? attenuation PIONEL: 0il-B10 Yes

Ammonium sulfate: 8.018% m/m, corresponding to 80.18 g/kg; Whey: 10% v/m, corresponding to 100 mL/kg;
Bacillus methylotrophicus: bacteria obtained after centrifugation, added to 7 mL of sterile distilled water,
corresponding to 0.7% v/m — 7 mL/kg; Diesel oil: 20% m/m, considering the density of diesel oil equal to 0.829,
corresponding to 241.14 mL/kg;

The samples were collected after the soil turning, every 30 days, making the following
analytical determinations: soil moisture content, according to NBR 6.457 (ABNT, 1986), oil
and grease content, according to the Method 3350 C (USEPA, 2007), total bacterial count
(MAPA - Ministry of Agriculture, Livestock and Supply, 2003) and determination of the
surface tension of soil extracts, to verify the production of produced biosurfactants. Soil
moisture measurements throughout the experiment were used to calculate the removal of
contaminants.

The extraction of biosurfactants from the soil was carried out by adapting the method
of Martinez-Toledo and Rodriguez-Vazquez (2013), with a sample of 10 g of soil being added
to erlenmeyer flasks with 50 mL of distilled water and stirred in a shaker for 1 h at 150 rpm
and 25 °C. The samples were then filtered with a 20 um cellulose acetate membrane to remove
coarse soil particles (first filtration) and then with a 0.22 um cellulose membrane to leave the
solution free of impurities (second filtration). The resulting liquid extract was used to verify
the production of biosurfactants by surface tension, according to the Du Nolly ring method
(Notiy, 1919). The surface tension reading is automatically detected and occurs when the

lamella formed between the ring and the medium breaks.

5.2.4 Statistical analysis of data

Data treatment was performed using ANOVA and a means comparison test (Tukey’s
test) with a 95% confidence level (p <0.05), using the Software Statistica 5.5. For the analysis
of variance of the results of the microbial count, these were initially converted through

logarithmic normalization (LOG (10)) to analyze the data on a common basis.
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5.3 Results and discussion
5.3.1 Microbial growth during bioremediation

Table 2 shows the results of microbial counting during the bioremediation process.

Table 2 - Total count of bacteria present in the soil during 120 days of bioremediation.

Total bacteria counts® (log CFU/g soil)

Treatment
0 days 30 days 60 days 90 days 120 days
1 426+1.07*4  3.84£0.52**  3.46+0.02°4  2.72+0.05**  2.67+0.09**
2 4.20+0.44°8  3.96+0.34°AB  3.57+£0.04*B  2.81+£0.31*4 3.02+0.24%AB
3 4.81£0.33%A  4.46+0.24**  5.12+0.20°*  4.59+£0.02°*  4.32+0.09°A
4 4.78+0.07°C  4.66£0.09%°C  3.61+0.02°8  2.91+0.00**  3.44+0.00°B
5 5.96+0.14*®  5.85+0.00°®  4.70+0.05"* 5.39+0.60°*"  5.42+0.05A8

2 Mean + standard deviation. CFU: colony forming unit. Equal letters (lower case for the same column, indicate
the difference between treatments at the same time; upper case letters for the same line, indicate the difference
in the same treatment over time) for a 95% confidence level. Treatment 1: Biostimulation (8.018% m/m
ammonium sulfate + 10.7% water + 20% diesel oil); Treatment 2: Biostimulation (8.018% m/m ammonium
sulfate + 10% whey + 0.7% water + 20% diesel oil); Treatment 3: Biostimulation and bioaugmentation (8.018%
m/m ammonium sulfate + 10% whey + B. methylotriphicus in 0.7% water + 20% diesel oil); Treatment 4:
Natural attenuation (10.7% water + 20% diesel oil); Treatment 5: Control (30.7% water).

Treatments 1 and 2, with the application of the biostimulation technique, showed a
decline in the total number of bacteria as a function of time. There was a statistical difference
only for Treatment 2, where the lowest number of bacteria could be observed in 90 days (2.81
+ 0.31 log CFU/g soil).

Treatment 3 (biostimulation + bioaugmentation) presented the highest number of
microorganisms, when comparing the experiments with the presence of diesel oil (Treatments
1, 2, 3, and 4), during the 120 days of the experiment, indicating that techniques of
biostimulation and bioaugmentation applied together proved to be efficient for a greater
number of microorganisms. The greatest microbial growth (5.12 = 0.20 log CFU/g soil) was
observed after 60 days of experiment, this was due to the microorganisms, both those added
and those present in the soil, already being adapted to the medium and there are still enough
nutrients available in sufficient quantity.

The natural attenuation technique (Treatment 4), showed the greatest decline in the
number of microorganisms (95.7%), when comparing the times of 0 and 120 days, indicating

that the autochthonous microorganisms were influenced by the lack of nutrients and by the
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toxicity of the contaminant, added at a concentration of 200 mg/kg, which exceeds the soil's
adsorption capacity, decreasing permeability and voids index, as well as oxygenation.
Treatment 5, which consists of control, without the application of any treatment and without
contamination, presented the largest number of microorganisms after 120 days (5.12 + 0.20
log CFU/g soil), confirming the toxicity effect of the contaminant to native microorganisms,
since the initial treatment time, for all assays.

The reduction in microbial populations over time, in biostimulated treatments, can be
explained by the consumption of the nutrients inserted to support growth during the
experimental period (Machado et al., 2020), different from the observed in the treatment in
bioaugmentation applied together with biostimulation, in which higher growth and

maintenance of microorganisms were observed.

5.3.2 Removal of the contaminant during bioremediation

Figure 2 (a) shows the percentage of total removal of the contaminant during
bioremediation. Treatment 5 was not evaluated, since it is the control treatment, in which no
diesel oil was inserted. Treatments 6, 7, 8 and 9 were performed with sterile soil, under the
same conditions as Treatments 1, 2, 3 and 4. Figure 2 (b) shows the percentage of
biodegradation, indicated by total removal minus adsorption, being that in the initial time (0

days), it was equal to zero, since there was no time for the beginning of biodegradation.
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The removal levels obtained at the initial moment of bioremediation (0 days), as well
as the experiments with sterilized soil, do not represent the biodegradation of the contaminant,
but rather, the adsorption in the soil due to adhesion to the soil matrix.

The highest adsorption occurred up to the 30 days of the experiment, around 15% for
all experiments, which can be justified since the more accelerated process of sorption of the
contaminant in clayey soil occurs in 15 days, proving that the interactions are more active on
the mineral surface of the soil (Thomé et al., 2017). After this period, subsequent sorption is
associated with the migration of the contaminant to internal areas, less accessible in the soil
matrix, due to its hydrophobicity and strong sorption in the sediment (Lee et al., 2018).

After the 120 days of the experiment, the sorption values were between 19.22% and
20.01%, which did not differ statistically, showing that the different biostimulants did not
promote different rates of adsorption of the contaminant. The verified values were close to
those found by Kreling et al. (2020), Decesaro (2016) and Thomé et al. (2014). According to
Kavitha et al. (2014), the clay soil has a high hydrocarbon adsorption capacity compared to
other types of soil.

Regarding the removal of contaminant, after 120 days of monitoring the assays, the
application of biostimulation and/or bioaugmentation presented positive results compared to
the application of natural attenuation (T4).

The biostimulated treatments (T1 and T2) carried out with the addition of ammonium
sulphate and ammonium sulphate + whey, respectively, reached total removal of contaminant
around 40%, not differing statistically from each other (p > 0.05), indicating that the addition
of whey as a simpler source of carbon did not have significant effects, possibly due to the
amount of diesel oil as a carbon source being much higher than that provided by whey. Other
authors have reported positive effects by providing easily accessible carbon and
micronutrients (Jonsson; Ostberg, 2011; Ostberg et al., 2007a, 2007b), however, there were
differences between the studies cited and our study.

Jonsson and Ostberg (2011) was several applications of whey over time (210 mg/kg
every 14 days of fermented whey) and a single addition of a single addition of 2100 mg/kg of
sweet whey, in sandy soil contaminated with 5 g/kg of diesel oil, in both cases there were
improvements in the mineralization of the contaminant. In our study, the contamination was
200 g/kg of contaminant and whey was added only once, at the beginning of the experiment,
both conditions may have been the cause of the absence of significant differences when

compared to the T1 experiments (without whey) and T2 (with whey).
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Ostberg et al., (2007b) verificated that the addition of 6 or 60 ml of fermented whey/kg
of soil increased the degree of biodegradation of the contaminant. Similarly, Ostberg et al.
(2007a) also obtained similar results for the biodegradation of n-hexadecane in sandy soil
through the addition of fermented whey. In addition, for the biodegradation of n-hexadecane,
Ostberg et al. (2007a) concluded that the addition of fermented whey can be replaced by the
addition of lactate, amino acids, lactose and vitamins, as they are the main constituents of this
agro-industrial by-product. However, in both studies, contamination with diesel oil was 5
g/kg, well below the contaminant concentration in our study (200 g/kg).

Treatment 3 (biostimulation + bioaugmentation) stood out, with a total removal value
of 61.64%, an increase of 28.04% in relation to the application of natural attenuation (T4).
The B. methylotrophicus used was previously isolated from soil contaminated with diesel oil
(Decesaro et al., 2013), which may justify its ability and contribution to the bioremediation
process, since bacteria isolated from areas contaminated by diesel oil develop a differentiated
metabolism that can make them more effective in the degradation of the contaminant (Horel;
Schiewer, 2014, Nath et al., 2012; Purwanti et al., 2018; Titah et al., 2018), due to having been
exposed to contaminant, presenting adaptability, resistance, tolerance and some enzymatic
changes and/or deviations to carry out cellular metabolism in a more hostile contaminated
environment (Das; Chandran, 2011; Kumar; Gopal, 2015; Wu et al., 2014).

The percentage of biodegradation, after 120 days, (Figure 2 (a)), was around 20% for
treatments with the application of biostimulation (T1 and T2), corresponding to the
mineralization of approximately 40 g diesel/kg of soil. For the treatment with the application
of the techniques of biostimulation and bioaugmentation together (T4), the mineralization was
around 85 g diesel/kg of soil, that is, 42.42%, being much higher than the treatment with the
application of natural attenuation (13.59%). It should be mentioned that although the removal
values may seem low, the contamination added in the initial time is high, much higher than
that normally used when the maximum adsorption capacity of this type of contaminant is
obeyed in clay soils (around 4%, according to Thomé et al. (2014)).

Thus, it appears that the selection of bacterial species to be used as a biodegradation
agent is very important, being that bacteria of the genus Bacillus sp. they are widely known
as superior and specific bacteria for that use (Hasan et al., 2016; Mnif et al., 2015; Purwanti
et al., 2015; Kaur et al., 2014), as they have the ability to attack the rings benzene content of
aromatic hydrocarbons. The breaking of the aromatic rings facilitates the attack of other

species, since not all bacteria can carry out this enzymatic reaction.
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According to Imron et al. (2020), a single bacterial culture can be used in the treatment,
which can be proven in our study, in which a single bacterial culture was added only to
increase the solubility of diesel and/or break the aromatic rings, being that the next degradation

was carried out with the help of the surrounding indigenous microorganisms that did not have

this ability.
5.3.3 Production of biosurfactant in the soil during bioremediation

Figure 3 shows the surface tension values obtained, through the readings of the soil

extracts, during the bioremediation period.

Figure 3. Surface tension obtained from samples extracted from the soil during the 120 days

of bioremediation.
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Equal letters (lower case for the same column, indicate the difference between treatments at the same time; upper
case letters for the same line, indicate the difference in the same treatment over time) for a 95% confidence level.
Treatment 1: Biostimulation (8.018% m/m ammonium sulfate + 10.7% water + 20% diesel oil); Treatment 2:
Biostimulation (8.018% m/m ammonium sulfate + 10% whey + 0.7% water + 20% diesel oil); Treatment 3:
Biostimulation and bioaugmentation (8.018% m/m ammonium sulfate + 10% whey + B. methylotriphicus in

0.7% water + 20% diesel oil); Treatment 4: Natural attenuation (10.7% water + 20% diesel oil); Treatment 5:
Control (30.7% water).

The tension measurement was performed from the soil extracts, with the objective of
verifying the variation of the surface tension as an effect of the production of biosurfactants
over time, as well as the differences between the treatments (Figure 3). The lowest surface

tension was 44.33 mN/m, obtained for Treatment 3, after 120 days of bioremediation,
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indicating that bio-stimulation plus bioaugmentation caused greater production of
biosurfactants. Machado et al. (2020) also found such a tendency to reduce surface tension in
soil extracts during bioremediation processes with the application of biostimulation and
bioaugmentation techniques, where the minimum surface tension verified was 48.71 mN/m,
indicating the release of compounds surfactants in the medium.

The comparison of surface tensions for the same treatment over the bioremediation
time (capital letters) showed a reduction in surface tension values for Treatment 1
(biostimulation with ammonium sulfate), being 10.22%, Treatment 2 (biostimulation with
ammonium sulfate and whey), with a reduction of 5.16%, and Treatment 3 (biostimulation
with ammonium sulphate and whey and bioincrease with B. methylotrophicus), 11.82%, being
significant for the three treatments (p < 0.05), showing the production of the biocompound.
For treatments 4 and 5 (natural attenuation and control) there was an increase in surface
tension after 120 days of assays. Regarding the analysis of different treatments at the same
time (lowercase letters), it was found that at the end of the experiment (120 days) there was a
significant difference (p < 0.05) between all treatments, except between treatment 1 and 2.

The reduction in surface tension indicates that there was greater production of
biosurfactants and, consequently, greater bioavailability of the contaminant. As bacteria can
only degrade water-soluble pollutants, the bioavailability of diesel oil is an important factor
in biodegradation (Sari et al., 2018). Bioavailability is described as the tendency for a
substance to be absorbed by living organisms. Bacteria need to have direct contact with diesel
to use it in their metabolisms. In biodegradation, bioavailability is also described as the water
solubility of diesel, because bacteria can only use water-soluble compounds (Imron et al.,
2020).

The addition of biosurfactant is necessary when environmental conditions do not
support the process of dissolving diesel in water, however when the bacteria used are capable
of producing biosurfactant in sufficient quantities, the addition is not necessary, as can be seen
from this study. The use of biosurfactant-producing bacteria is a more efficient and ecological
way to remove contaminants (Imron et al., 2020).

There are many advantages of this method, the main advantage is that it is ecological.
It leaves almost no harmless substances in the environment after treatment (Dzionek et al.,
2016). The bacteria involved in the degradation process will naturally decompose after
application and, therefore, will not pollute the environment. Biodegradation is possibly the
cleanest and most ecological technology to be applied in the treatment of diesel contamination

in various environments.
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Biodegradation by bacteria also offers a chance to improve the quality of contaminated
soil. After the completion of the degradation processes, the residual bacteria will be
decomposed by natural mechanisms. The decomposition of residual biomass releases various
compounds from bacterial cells, such as C, N, P, S, K and other minerals (Bridgham et al.,
2013; Panikov, 2016), which are essential elements that can increase soil fertility. These
released compounds can be used as substitutes for soil fertilizer (Hossain et al., 2016; Pavlova,

2017).

5.4 Conclusions

The highest rate of removal of diesel oil obtained by the application of bioremediation
was 61.64% in 120 days, a result 28.04% higher when compared to the natural attenuation
technique. The production of biosurfactants in the soil, evaluated by measuring the surface
tension of the soil extracts, showed a reduction in the surface tension for the bioaugmentation
and biostimulation treatments (11.82%), indicating the release of biosurfactants in the
medium. This trend was not observed in natural attenuation and control treatments. For sterile
soil, the values referring to adsorption were around 20%, not differing statistically from each
other, demonstrating that the different biostimulants did not promote different rates of

adsorption of the contaminant.
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6 CONCLUSAO GERAL

O comportamento dos biossurfactantes produzidos no proprio solo em processos de
biorremediacdo ainda € pouco compreendido. Embora seja conhecido o efeito positivo desses
biocompostos em termos de eficiéncia de remog¢do de poluentes, em alguns casos, a taxa de
degradacdo ¢ muito baixa ou mesmo inibida. A principal razdo para isso talvez seja a
inconsisténcia entre a fun¢ao pretendida dos biossurfactantes nos processos de biorremediacao
(aumentando a biodisponibilidade dos poluentes) e seu papel na comunidade microbiana
autoctone, que vai além dos limites da biorremediagao.

Com relagdo ao efeito da adig@o de biossurfactantes (surfactina e ramnolipidio) no solo
verificou-se que ndo foi um fator significativo, nas concentracdes utilizadas, e nao interferiu
na adsor¢do do contaminante. Assim, pode-se dizer que a inser¢cdo dos biossurfactantes em
quantidade suficiente para uma biorremediagdo efetiva ndo afeta a percolagdo do
contaminante no solo.

Quanto a aplicacdo das técnicas de bioestimulagdo e/ou bioaumentagdo com o objetivo
de avaliar a biodegradagao do 6leo diesel, evidenciando a producao de biossurfactantes no
solo por meio da tensdao superficial, verificou-se que a maior taxa de remocao de 6leo diesel
obtida pela aplicacdo da biorremediagao foi de 61,46% em 60 dias, resultado 28,04% maior,
quando comparado com a técnica de atenuagdo natural. A produgdo de biossurfactantes no
solo, avaliada pela medida da tensao superficial dos extratos de solo, apresentou reducdo da
tensdo superficial para os tratamentos de bioaumentagdo e bioestimulacao (11,82%),
indicando a liberagdao de biossurfactantes no meio. Esta tendéncia ndo foi observada nos
tratamentos de atenuacao natural e controle.

Desse modo, demonstramos que esses temas estdo intimamente relacionados e
fornecem um melhor entendimento dos efeitos dos biossurfactantes durante o processo de
biorremediacdo. Além disso, os resultados até agora indicam que a medida da tensao
superficial ao longo do processo ¢ de suma importancia e apresentam um cenario a respeito
da producdo de biossurfactantes.

Ainda, como trabalhos futuros, ha a necessidade do desenvolvimento de mais métodos
para medir e monitorar as concentragdes de biossurfactante, uma vez que tais métodos sdo
cruciais para o sucesso da aplicacdo da biorremediacdo em &reas contaminadas. Estudos
futuros ndo devem se concentrar apenas em uma abordagem centrada na eficiéncia, mas
também na elucida¢do das complexas interagcdes entre a matriz do solo, biossurfactantes,

microrganismos e contaminantes.
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Biosurfactants Production Using Permeate from Whey Ultrafiltration and

Bioproduct Recovery by Membrane Separation Process'

Abstract

The management of whey is a challenge for dairy products where the volume produced is
remarkable. This problem is minimized through membrane separation processes (MSP) to
obtain whey protein concentrate, which has high added value. However, a permeate effluent
stream is still generated that is composed of lactose, vitamins, and minerals, which can serve as
raw material for the production of biotechnological compounds. Thus, this study aimed to
produce biosurfactants using the permeate from whey ultrafiltration as part of the culture media
of the bioprocess, to recover the biosurfactant produced using MSP, and to identify the
biocompound. The production was carried out using Bacillus methylotrophicus and Bacillus
pumilus. The variables nitrogen source (urea or ammonium sulfate), nitrogen source
concentration (0.5% or 1.0%), inducer (soybean oil or biodiesel), inducer concentration (1% or
2%), and the addition of micronutrients (with our without) were studied using a fractional
factorial experimental design 25-1 IV. In the fermentation processes, it was possible to verify
the biosurfactant production through the reduction of surface tension, obtaining a minimum
value of 35.07 mN/m for B. methylotrophicus and 26.02 mN/m for B. pumilus. Recovery via
MSP was an efficient strategy for biosurfactant purification, which was concentrated in the
fraction of the retentate. We produced a high-value-added biocompound identified as surfactin,

valuing the permeate residue from whey ultrafiltration.

Keywords: Microbial growth; Fermentation; Whey; Surfactin; Microfiltration; Surface

tension; Emulsification
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Effects of homemade biosurfactant from Bacillus methylotrophicus on

bioremediation efficiency of a clay soil contaminated with diesel oil’

Abstract

Despite constant progress in the understanding of the mechanisms related to the effects of
biosurfactants in the bioremediation processes of oily residues, the possibility of antagonist
effects on microbial growth and the production in situ of these compounds must be elucidated.
The aims of this work were a) to evaluate the effects of the addition of a homemade
biosurfactant of Bacillus methylotrophicus on the microbial count in soil in order to determine
the possibility of inhibitory effects, and b) to accomplish biostimulation using media prepared
with whey and bioaugmentation with B. methylotrophicus, analyzing the effects on the
bioremediation of diesel oil and evidencing the in situ production of biosurfactants through
effects on surface tension. The homemade bacterial biosurfactant did not present inhibitory
effects acting as a biostimulant until 4000 mg biosurfactant/kg of soil. The biostimulation and
bioaugmentation presented similar better results (p > 0.05) with the degradation of oil (~60%)
than natural attenuation due to the low quantities of biostimulants added. For bioaugmentated
and biostimulated soils, a decrease of surface tension between 30 and 60 days was observed,
indicating the production of tensoactives in the soil, which was not observed in natural

attenuation or a control treatment.
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Chapter 1

Waste Biomass and Blended Bioresources in Biogas Production’

Abstract

Global energy demand is getting higher, and most of this energy is produced through fossil
fuels. Recent studies report that anaerobic digestion is an efficient alternative to produce biogas.
Moreover, the transformation of complex organic materials into a source of clean and renewable
energy reduces the emission of greenhouse gases and can produce as by-product a high-value
fertilizer for growing crops. The anaerobic co-digestion is an option to solve the disadvantages
of single substrate digestion system, being the chemical composition and properties of the
substrates, the operating parameters (temperature, pH, charge rate, etc.), the biodegradability,
bioaccessibility, and bioavailability, important parameters to be optimized. The main materials
that could be used for biogas production are waste from cities, residues from the production of
other biofuels, agro-industrial waste in general, agricultural crops, straws, or microalgae
biomass obtained by cultivation in wastewater. However, some of these materials, specially raw
materials, need to be treated to improve the biogas production. The aim of this chapter is to
review the main materials that could be used for biogas production and the factors to optimize

the production.
Keywords: Biogas; Co-digestion; Pretreatments
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Chapter 9

Association of bioethanol and biogas for environmental impact mitigation!

Abstract

The need to replace the current energy matrix based on the use of fossil fuels with alternative
biofuels has motivated studies to discover new sources of raw materials as well as to optimize
production processes. Parallel studies have been carried out to determine the environmental
impacts of biofuel production, making it possible to compare them with the impacts of currently
used fuels, and to identify the best alternative sources of raw materials, such as the processes
and biofuels produced. We aimed to conduct a survey of the environmental impacts generated
in the production of bioethanol and biogas, as well as to verify the methods that have been
proposed to mitigate the environmental impacts generated when biofuels are produced isolated
or in associated processes. Some of the environmental impacts resulting from the production of
bioethanol and biogas originated in the production of raw materials due to the use of arable
land, generating food insecurity, as well as the possibility of the acidification of soils and the
eutrophication and emission of greenhouse gases. In addition, when the raw materials need to
be pretreated to make their chemical structures available for the microbiological metabolism,
environmental impacts can again occur due to the greater use of energy, water and chemicals.
In relation to the use of biofuels, the addition of bioethanol in blends of other fuels or the
substitution of petroleum fuels with biogas can reduce the impacts, mainly with regard to the
emission of gases. The association of bioethanol and biogas processes can mitigate many of the
aforementioned environmental effects, along with the use of alternative raw materials, such as
microalgae and macroalgae, which were considered as promising alternatives. Studies that
evaluate the production processes on a case-by-case basis are necessary in order to measure the

possible impacts of alternative biofuels.
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production process for biofuels, raw materials
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