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Abstract

Environmentalpollution associated witpetrochemical industrgerivativesis a worldwide
problemneedingto beattendedIln Mexico, 85% of environmental emergencies repbrte
during 2015 were associated witydrocarbons0il refinery wastewatesare the main source

of hydrocarbon contaminated wateodiesand soils. Then, it is necessary to design and
implement efficient technologies for oil contaminated water treatment, before discharged

into the environment.

The combination of biological and electrochemical techniques enhances the bioremediation
efficiency of treating o#contaminatedenvironments In this thesisa method using two
successive cultures, solid then liquid, for production and usaeafi-growing fungal whole

cell biocatalystAspergillus brasiliensiattachedo perlite)is proposedA controlledelectric

field was applied during thiingal cellbiocatalystproduction in a solid state culture as a
novel approach, denoted the electric figidetreatment, to enhance the hydrocarbon
degading activity.Afterward, the catalytic performance was determined in liquid culture

usingal L airlift bioreactor

In previousworks the biocatalystwas evaluated as hexadecane (HXD) sordegtader,
demongtating that biomass production on thlectric fieldpretreateciocatalystwas only
20% of that on the untreated BC, but the maximum Hs$igption capacity was enhanced
one order of magnituddy effect of theelectric field pretreatment. ThéiXD degrading

activity of thepretreatediocatalystwvas9-fold higherthanthat untreated.

To demonstrate applicdity of the biocatalys, it was used to degrade a hydrocarbon blend
(hexadecanghenanthren@yrene; 100:1:1 w/w)n liquid culture During hydrocarbon
degradation, all mass transfer resistances (internal and external) and sorption capacity were
experimentally quantified. Internal mass transfer resistances were evaluated tt@ugh
biocatalyseffectiveness factor analysis as a function of the Thiele melusing first order
reaction kinetics, assuming a spherit@bcatalystwhere five particle diametersvere
assayell Externalmass transfer resistances were evaluatdddgleterminationincluding

each hydrocarbon molecule and oxygéiectric field pretreatment duringpiocatalyst
production promoted surface changesbiacatalystand the production of an emulsifier
protein in theairlift bioreactorwasinduced Thebiocatalystsurface modificationenhanced



the affinity for hydrocarbons, improving hydrocarbon uptake by direct contact. The resulting
emulsion was associated with decreased internal and exteasa transfer resistances.
Electric field pretreatment effects can be summarized as: a combined up&dteanism
(direct contact dominant followed by emulsified form dominafierward$ diminishing

mass transfer limitations, resulting in a repecific hydrocarbon degradation in blemith

an effectiveness factor close to unity

Since the emulsifier prein playedan essential role in the hydrocarbon degradatiomast
partially characterized, measuring its emulsifying activity the presence oflifferent
hydrophobic phase#\ major emulsifying activityin the presence of polycyclic aromatic
hydrocarbos in blend with aliphatic (1:1 w/w), 2.79 feldgher than solely hexadecameas
observedThe environmental conditions were amportant factor that affect tlemulsifying
activity; alkaline (pH #11) and thermal (282°C) environments significantly entnae the
EA, but not the presence of salt3b g L'). Theemulsifying proteinvas 19.5 % of the total
protein produced in the liquid culture, ampdrification enhanced 7 times itpecific

emulsifying activity.

The relevance of this thesis wdsom the @gineering point of viewthe integration of
microbiological and electrochemical inputs to solve an environmental problem. This piece
of work considers three main topics for the enhancements of the global hydrophobic
pollutants degradation rates: (i) a neierganism metabolically modified by an electric field,
enhancing its pollutants degrading capabilities; (ii) the metabolic activity of an immobilized
microorganism limited of nutrienthass transfer ratggiii) the presence of an emulsifier
agent that mdifies the interfacial mass transfer resistances. The integration of these topics
Is expressed as kinetic parameters set, which can be a useful tool for design anp stale

hydrocarbons biodegradation airlift bioreactors



Resumen
La contaminaciérambiental provocada por actividades de la industria petroquimica es un
problema de gran interés a nivel mundial. El 85% de los incidentes ambientales registrados
en México, durante el 2015, se relacionan con hidrocarburos. Una de las principales fuentes
de contaminacién asociada a hidrocarburos, tanto en suelos como en cuerpos acuiferos, son
las descargas de aguas residuales de refinerias de petréleo. Por lo tanto, es necesario disefar
e implementar tecnologias eficientes para el tratamiento de aguaslesside refinerias,
antes de ser descargadas al ambiente.

Se ha demostrado que la combinacion de métodos biologicos y electroquimicos aumenta la
eficiencia de remediacion de ambientes contaminados con hidrocarburos. El presente trabajo
propone un meétodo quconsta de dos cultivos sucesivos: en el primer cultivo (sélido), se
produce un biocatalizador constituido por biomasaAsj@ergillus brasiliensi;nmovilizada

en agrolita. Durante la produccion del biocatalizador se aplicé un campo eléctrico, de manera
controlada, como un pretratamiento, con el propésito de aumentar la capacidad degradadora
de hidrocarburos. Posteriormente, el biocatalizador se utiliz6 en la degradacion de
hidrocarburos en medio liquido usando un biorreactor airlift de 1L.

En trabajos pngos se estudio el biocatalizador como un sistema sordegi@adador de
hexadecano (HXD). Se demostr6 que la produccion de biomasa en el biocatalizador
pretratado fue sélo el 20% de la que se produce sin pretratamiento; sin embargo, su capacidad
de sorcié de hidrocarburos aumento en un orden de magnitud y la actividad degradadora

fue 9 veces mayor por efecto del pretratamiento con el campo eléctrico.

Para demostrar la aplicacion del biocatalizador, se utilizé con el objetivo de degradar una
mezcla de hidycarburos, compuesta por hexadecano, fenantreno y pireno, 100:1:1 p/p en
cultivo liquido. Durante la degradacion de hidrocarburos se evaluaron, experimentalmente,
las resistencias a la transferencia de masa (internas y externas), y la capacidad d#esorcion
los hidrocarburos. Las resistencias internas a la transferencia de masa se evaluaron mediante
el analisis del factor de efectividad, como una funcién del médulo de Thiele (usando una
cinética de reaccion de primer orden y suponiendo particulas catadisitericas, utilizando

cinco didmetros de particula). Las resistencias externas a la transferencia de masa se

evaluaron mediante la determinaciéon de los coeficientes volumétricos de transferencia de



masa kLa), considerando a cada hidrocarburo y al axégé=l pretratamiento con el campo
eléctrico modificé la superficie del biocatalizador aumentando su afinidad por los
hidrocarburos y, aumentando en consecuencia, el consumo por contacto directo; por otro
lado, indujo la produccién de una proteina emuisifte en el biorreactor airlift y, la

emulsiéon formada mejoro los fendmenos de transferencia de masa.

Los efectos del pretratamiento con el campo eléctrico pueden resumirse en: un mecanismo
combinado en el consumo de hidrocarburos (dominante por codigestto en las primeras

horas y, posteriormente, via emulsificacion de hidrocarburos) disminuyendo las resistencias
a la transferencia de masa; dando como resultado la degradacion de hidrocarburos de manera
no especifica y con un factor de efectividad aeoca uno, para los tres hidrocarburos

utilizados.

Dado que la produccion de la proteina emulsificante tuvo un papel muy importante en la
degradacion de hidrocarburos, se realizé una caracterizacion parcial sobre su actividad
emulsificante con diferentesarclas de compuestos hidrofobicos y su estabilidad ante
variaciones de pH, salinidad y aumento en la temperatura. Se observé que la actividad
emulsificante fue 2.79 veces mayor en mezclas de hidrocarburos que contenian aromaticos
policiclicos con respecta la observada con el alifatico hexadecano. Por otro lado, las
condiciones ambientales fueron un factor importante en la actividad emulsificante, se
observd que en ambientes alcalinos (pHlY o precalentando las proteinas-@25°C) la
actividad emulsiftante aumento significativamente y, la presencia de sal en el mei® (0

g L-1) no tuvo un efecto significativo. Se demostro que la proteina emulsificante fue el 19.5%
del total de proteinas producidas en el medio liquido y, su purificacion aumentés7asec

actividad emulsificante.

La relevancia de esta tesis radica en la integracion, desde el enfoque de la ingenieria, de un
problema multidisciplinario que aborda la restauracion de ambientes contaminados
acoplando métodos microbioldgicos y electroquosj considerando tres aspectos: (i) un
microorganismo que puede ser modificado por la presencia de un campo eléctrico,
aumentando su capacidad degradadora de contaminantes; (ii) la actividad metabdlica de un
microorganismo inmovilizado en un soporte porpsede estar limitada por las resistencias

a la transferencia de nutrientes y (iii) la produccion de un agente emulsificante puede abatir



las resistencias a la transferencia de masa interfacial, aumentando la tasa de degradacion de
contaminantes hidrofétos. La integracion de estos aspectos se puede expresar como un
conjunto de parametros cinéticos utiles para el disefio y escalamiento de biorreactores airlift

con fines de remediacion de aguas contaminadas con hidrocarburos.



1. Introduction
Hydrocarbon dgradation in contaminateshvironments is guite concerropic. According
to Web of Sciencelatabase, more than 6000 papers were published during 2016, in which
40% used electrochemical techniqug% was relatedo mass transfer approassand 25%
to the bioremediation assisted by surfactants; howawveintegral gidy, including the role
of biosurfactant or bioemulsifier in the hydrocarbon mass transfer resistances diminishment

and microbial degradation ratisoil contaminated water, is not curently found.

This thesis proposed a novakthod that consisted in two successive culturestyfirsblid

state culture, wherein the presence of a controlled electric field, as pretreatment, produced a
fungal biocatalyst subsequently, in a liquid aifticulture the biocatalyst was used for
hydrocarbon degradation in an artifigiatontaminated watemimicking an oil reihery
wasewater hydrocarbon blentdiherefore, this thesiwasaimed to characterize the catalytic
performance during the liquid phasgdrocarbon degradation. The evaluation of the
biocatalyst mechanical resistance enhanced by the electric field pretreatment, its hydrocarbon
sorption capability, as well as the hydrocarbon mass transfer resistances and degradation
kinetics carried out. 8sides, the elucidation of a role of an emulsifier protein produced

during hydrocarbon degradation

This thesis is dividednto five chapters, including the Introduction section. In Chapter 2, a
bibliographical ovewiew, considering the hydrocarbon asllution source from the oll
refineries wastewaters presentedlhe possible methods for bioremediation approaching a
heterogeneous catalytic process developrasdescribedChapter Joresentgpreliminary
results that gave origin to the catalytiafpemance characterizatiomhereinthe biocatalyst
was evaluated as hexadecane sorddegtader. Chapter 4 shows the catalytic performance
characterizatiomnd the phenomenological sequence here considareahapter includes:

(i) fungal biomass attactent to the supportji) all mass transfer resistances and @idth
hydrocarbons sorption and degradation improved by an emulsifier agent produced as a
consequence of the electric fiekinally, Chapter 5 presents a functional characterization of
the enulsifier protein, which was produced during hydrocarlbegradationn the airlift

bioreactor.

Vi



2. Bibliographic review

2.1Hydrocarbonsas pollutants
Oil products are the worldwide highest energy sajs@the majoenvironmentapollution
problem. In Mexico, 85%of environmental emergencies reported during 2015 were
associated to hydrocarbaoastivities[1]. The principapollutionsourceare the oil refineries
wastewates [2, 3, wh i ¢ h ¢ a ty betichamatenzediua fo their variable production
and compositionhowever, a mean valwg 3.5-5 n? perprocessed oil tois estimatedThe
observechydrocarbon concentratian oil refinery wastewaters may be up to 3000 mg L
depending on thperformedprocesss distillation, catalytic reforming, catalytic cracking,
hydrocracking or desulfurizatiofd]. During 2014,1184 millions of barrels per dayere

processeih Mexico[5], the wastewater discharges could be abou6&& 16 m® per day.

When wastewates are dischaged without previous depurationseveral negative
consequences can be presented; in which, some of these could affect thénbalthaiue

to most of the oil components are highly hazardous @rdinogenig e.g. polycyclic
aromatic hydrocarbong3]. Then it is necessary to design and implement efficient
technologies for oil contaminated water treatment, before they are discharged in the

environment.

2.2.0il contaminated water treatment
Wastewaterdepurationprocessconsists of threemain treatments (i) primary, physical
separation (ii) secondary chemical or biological degradation and; (iii) third, usually

chemicaly treatmen{6].

Nowadays, several physical and chemical highly efficientantaminated watdreatment
methods have been developedy. EI-Naaset al [7] proposed electrocoagulation using
aluminiumelectrodes arrangement; in which, 63% of organic matter was removeet Yan
al. [8] used an electrochemical oxidation pro¢c@ssvhich Fe particles arah airflow were
introducedoxidizing 92.8 % of total hydrocarbo@®n the other handjamiet al [9] used a
flotation methodfor removing 7292 % of the organic matter. The physical and chemical

methods for oil contaminated water could be highly effestikewever, theyre expensive



and produce excessive anmis of sludges, which often cortent toxic compoundslhe fate

of excess sludgas normally dehydration and incineratiff0Q].

The most common secondary treatmemasormedin two steps: (i) a stied and aerated
tank with activated sludges and (ii) a clarifier where suspended biomass precipitates, then it
is recirculated to the stirred tafil1,12,13]. Recently, several reactor configurations have
been developed to enhance tiyelrocarbomemovaltiegradation efficiency. Ishak al [11]
compare some reactor configurations, concludiag sequential stirred tank bioreactors are
easily operableAnother configuration is embrane bioreactomshich are highly efficient,

but operationallyexpensivethan stirred tank. On the other hand, the use of fluidized bed,
such as airlift bioreactors allowsachingsimilar removal and degradation efficienciban
stirred tank bioreactorslso, their design and operatiomi®re accesibleMoreover, if an

airlift bioreactor operates with immobilized microorganisms, highly hydrocarbon degrader
active biomass ancentration can be controlledancellingthe biological sludges excess
production[14]. For instanceKhondeeet al [15] used a internal loopairlift bioreactor
inoculated withSphingobiumsp, immobilized in chitosan particle$or degradation of
lubricants in wastewatethey observed 90% abtal petroleum hydrocarbons degradation,
operating in continues mode during 70lmimobilized biomass is betteralternativefor
wastewater treatment thdree suspended aerobic microorganismnsludgesdue to the
capability of biomass concentration coal The excess of biological sludge production
becomes an operational problem in which,600% of operadn costscould beintended for
sludges disposdlL6]. Anotherattractiveoption, although poorly studied, for biological oll
contaminated water treatmesithe use of filamentous fungvhichcan produce extracellular
enzymesable tooxidize the hydrocdmons Thus, quicklyabsorb them into the biomass, also
morphology (pellets or immob#ed on inert support) alloveeparatinghe biomass from the
effluent without an extra unit operatidd6]. Since hydrocarbons are compounsater
immiscible theirmicrobial degradation is a multiphasic process which could be limited by:
() interfacial and diffusional mass transfer resistances and (ii) microbial capabilities for

hydrocarbon uptake.



2.3.0n the limitations and uptake mechanismof hydrocarbon biodegradation
During hydrocarlons degradation, the maweaknesss their low bioavailability, which is
result of their low solubility [17]. An alternative for enhancingthe hydrocarbon
bioavailability is theabatement of the interfaciégénsion thatould be achieved bysng
surfactants which areamphiphilic moleculesable to improve theinterfacial uptake of
hydrophobic substrate$he use of synthetic surfactants could be-defeatingwhen they
are in high concentratiorzecausehey could benhibitorsof hydrocarbon degradation; so,
using microbial strains that prode biological surfaaits (biosurfactants) is a better option
than synthetic [18]. Biosurfactants can enhance theolubility of the hydrophobic
compounds forming micelles amacreasethe interfacial surfacareaby stable emulsions
formation They can also modify the cedlirface hydrophobicity, allowing direct contact
between microorganisms and the hydrophobic subgtffe.g.BouchezNaitaliet al [20]
discussed that I@nchain alkanes can be degraded by two main ways: (i) direct contact

removal and () surfactant mediated removal.

On the other handhe filamentous fungican producesmall proteins, with high surfac
activity, denominated hydrophobifl]. Hydrophobinave a defined biological role. They

are produced and excreted to the culture medaniminish the surfaceension thawway

fungi can upload to the gas phase and form aerial hyphae, which are hydrophobic by a
hydrophobin coating22]. Another biological role of hydrophobins is acting as an anchor
that facilitates théungal biomass attachment snlid supports or hydrophobic substrates,
such as hydrocarboifi23].

Another way for the interfacial tension abatement is the presenceetddaricfield, which
modifies the electrical surface properties, altering the adsorption phenomena on the
hydrophobiehydrophilic interface [24]. The combined methods for hydrocarbon
bioremediation (biological ancelectrochemical methods) has been denmatest as
bioremediation enhanceby two ways: (i)enhancing thenicrobial hydrocarbon degrader
activity [25] and (ii) modifying surface interactions between hydrocarbons, aqueous phases
and solid426].



2.4Combined biological-electrochemicalhydrocarbon biodegradation
During the lasttwo decades, combination of biological and electrochemical treatments has
been of great interest for hydrocarbon degradaaasingfrom the electrokinetic approach
for contaminated soilsemediation however, all secondarghenomena produced by the
electric field such as changes in temperature and relative humidity, orediengingto
scale umand performan electrebioremediationn a real applicatiof27]. So, along the time,
the researchers have observed thatexposte of microbial communities tolaw intensity
electric field, modifies the hydrocarbon biodegradatiaates andthe composition of
communities near to the electrod2s, 28] The electric fieldn situapplicationcan modify
the dehydrogenase activity tine soil modifying the microbial viability and growth kinetics
[29], maintaining these modifications for a peri@0]. All effects mentioned above of
electric field applications suggest the usk electrochemical bioreactors, where the
operational condibns can be controlled and the secondary effects diminished.

Currently, microbial metabolic changes promoted doy electric fieldare not completely
undersbod; however bacterialrespiratory activity is dectly related to a low intensity
electric field[31]. In general, microbial metabolahanges have been studied in bacteria, but
not in filamentous fungi; although, in otesearchlgroupAspergillus brasiliensig¢formerly

A. nigel) was exposed to@ntrolledelectric fieldduring growth with hexadecaras carbon
source It was found that molecular oxygen consumption was increased by the electric field,
promoting high lipoperoxidation levels and consequent alterations in membrane permeability
[32] As a consequencan enhancethineralizingactivity andlow biomass production were
observed 33]. In order to find the maintenance of the metabolic changes observed in
brasiliensisexposed to an electric field,t&o subsequent cultures strategy was performed
I.e. the fungus, previously exposed to the electric field, usedbascatalyst for hexadecane
biodegradationn a subsequent solid and liquid cultudhe hexadecane degradation was
observedn both cultures without biomass productiand an emulsifieprodiction in the

liquid culture[34]. Then an interest of hydrocarbon biodegradation in the liquid culture
aroused focused on the role of the emudsiin the hydrocarbowegradation using the
aforementioned fungal biocatalystreviously exposed to an elgctfield as an activation
procedure Sq in this work more complex hydrocart®such as polycyclic aromatics @n

blend with an aliphatic were assayed in order to expand our knowledge on the applicability

4



of the biocatalyst Hydrocarbon biodegradation waevaluated as a heterogeneous

biocatalytic raction

2.5Hydrocarbon biodegradation; a heterogeneous catalytic process
Bioremediation is anatural othumanhandlel, processn which biological catalysts are used
for pollutantsdegradationwhether in water, wastewater, sludges, soils, aquifers or gaseous
streams[35]. Hydrocarbon contaminated water treatment in multiphasic bioreactors is a

heterogeneous catalytic reacticarried out irsevensequentiakteps[36]:

Hydrocarbon massansfer from contaminated matrix to the catalytic particle.
Hydrocarbon diffusion into the catalytic particle pores.

Hydrocarbon sorption onto the catalytic particle

Hydrocarbon degradation reactions.

Excretion of intermediates and final hydrocarbon atwh products.

Diffusion of hydrocarbon oxidation products.

N o gk~ wDbd R

Products transport to the matrix

Sincehydrocarbos remain in an organichase which isionwater soluble the first step
could be limiting the hydrocarbon degradation rdtee first three step which refer to
hydrocarbon removal from the contaminated matrix, can be enhbapeeding a surfactant.
The enhancement could be related to hydrocarbon psaldboilisation or emulsificatioas
previouslyreported37].

Some reports about hydrocarb@amediation suggest that the transport phenomena,
associated to the firshreesteps, could be the main limitatiorihen several studies have
been committed to mass transfer resistances diminishegnyieira et al [38] proposed

an intermittent aeran stratgy for improve the depuration of gasoline and diesel
contaminated water. Thapproach allowedo enhance the hydrocarbon degradation from
70% to 90 % in 22 d. Both oxygen and hydrocarbons are immiscible with water; however,
the hydrocarbon solulity and mass transfer to the aqueous phase are slower than oxygen.
Lizardi-Jiménezet al [39] found that hexadecane mass transfer ratesteashiometrially

four times lower thamxygen transfer rate to the aqueous phase in an airlift bioreactor during
hexadecane degradatidrne threephase system was observe, whbkesmicrobial cells were

in suspension; but, if the microorganisms were immodili n a porous support, an

5



additionalinternal mass transfer resistance would be pressntiffusion into te pores
which would be moreritical than interfacial mass transfdraving a great influence on the

kinetics of hydrocarbon degradation

Even though the transport phenomena could be the limitations during hydrocarbon
degradation,t is necessary to disoe amongst all steps involved into the hydrocarbon
degradation. One way to achieve this is throtighregimeranalysis, in order to find the
slowest stepwhich is the limiting for all degradation procg46)].

2.6.Scope of the thesis
Hydrocarbon biodegradanh in contaminated water is a heterogeneous process in which the
limiting step could be on the mass trimsresistancesor in the intrinsic kinetics of
degradation reactionfspergillus brasiliensiformerly (A. nige) was proposed asporous
attachedfungal biocatalystvith hydrocarbon degradation activigroduced in solid state
culture which is apossibé oil contaminated water remediatofhe bioatalyst after an
electric field pretreatment enhanced its hydrocarbon degrader activity acquiring a
bioemulsifier production capabilityn a subsequent liquid cultur&he bioemulsifier could
have arenhaneg hydrocarbon degradation role, either in the transport phenomena or in the
reaction rates. So, it is necessary to evaluate each step related to the global degradation
phenomenologicallyA regimen analysis is a useful tool for finding the limiting stepnth
the obtained information could be a starting point to an efficient bioreactor design and

operation.

Since thepreviouslyobserved bicatalytichexadecane biodegradatiactivity, in this thesis,

an inteest formore complexes hydrocarbons (such as polycyclic aromatic) degradation in
an arlift bioreactor arise. e central hypothesisthat supports this thesis ihat the
bioemulsifier produed after an electric field application diminish all the mass dfan
resistances, enhancing the hydrocarbon blend degrad&othat, this thesigimedto
evaluate the hydrocarbon degradatiming the fungabiocatalystin an airlift bioreactor
visualized as hetegeneous biocatalytigrocess. Allmass transfelimitations and the role

of the bioemulsifieon the hydrocarbon uptake mechanism and the mass transfer resistances

diminishment were evaluated as a consequence of an electric field pretreatment
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Abstract

In this paper, a method using two successive cultures, solid thed, [for the production

and use of a hydrocarbon degrading biocatalyst (BC) is propdssddecane (HXD) was
used as a model hydrocarbon. An electric field was applied during the solid state culture
(SSC) as a novel approach, denoted the electric fidttgatment, to enhance the HXD
degrading activity. Afterward, the catalytic activity (CA) was determined in liquid culture.
The CA of the biocatalyspretreated and untreataslas evaluated discriminating between
sorption capacity and HXD degradationerabiomass production on ttg- pretreatedBC

was only 20% of that on the untreatB&, but the maximunBC sorption capacity was
enhanced from 119 41 mg (g BC) to 207+ 23 mg (g BC} by the effect of theEF
pretreatment. The activity of the biocatdlyss mainly associated with the pretreated fungal
biomass; its activity was-#ld higherthanthat of the untreated biomass. Linear model was
used to obtain the affinity constant and Langmuir to adjust maximum sorption capacity. This
enhancement in soiph capacity was associated with the high HXD degradation rate
observed here; 86% of the initial HXD was eliminated in 42 h by the pretrB&tedhilst

53% was eliminated in 48 h by the untreaB&di

Keywords

Electric field, catalytic activity, sorptiocapacity, aulift bioreactor, hydrocarbon

degradation.
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3.1lIntroduction
Effluents from the oil industry are an important source of air, water and soil pollution. Oil
extraction produces large volumes of wastewater discharge, approximately 10 times higher
than the volume of oil extractigd]; the chemical composition depends on the nature of the
geological formation [2]. Moreover, oil refineries can produce an average flow of wastewater
from 3.5 to 5 m per ton of processed crude; reusing water cooling figjiTcomposition
varies according to the process to be carried out at each refinery [4]. A total of 1.184 million
barrels per day of crude refining [5] was processed in Mexico during 2010. This could
generate an average discharge of wastewater ranging4@on000 to 660 000 frd™.
Biological methods are often suggested and even used to treat the effluent generated by the
oil industry [4]. Regarding the configuration of bioreactors used to treat hydroearbon
contaminated water, fluidized bed reactors aaht@gher degradation rates over stirred tank
or fixed bed bioreactors. Cell immobilization in the bioreactor can also improve biomass
growth control [6]. A clear advantagewsingimmobilized cells is the savings in subsequent
treatments generated by egsie biomass production, eliminating operational problems
such as the stagnation caused by solid particles [7]. Sokdl [8], using the sludge from the
wastewater treatment plant of a refinery, immobilized cells on polypropylene particles and
reported a 90%eduction in the organic matter. Aift bioreactors are one type of fluidized
bed that can be used for the purpose of remediating contaminated water; for example,
Khondeeet al. [9] used an internal loop dift bioreactor withSphingobium spmmobilized
on chitosan, observing B90% removal of total petroleum hydrocarbons (TPH) from initial

concentration of 200 mgtoperating with a hydraulic retention time of 2 h.

Some research on microbial hydrocarbon degradation has visualized micetlbiasdBCs
able to remove environmental pollutants, and evaluated their metabolic activity; interest has
focused primarily on understanding the relationshgmaong the bioavailability of
contaminants, transport mechanisms into the cells and the abilityicoborganisms to
remediate polluted environments [10]. More recent studies suggested a mechanism of
removing contaminants in two stages, consisting of simultaneous sorption and degradation
[9. 11]. However, in all cases straiemdowedwith a large capaty for hydrocarbon
degradation were used. One way to increase the efficiency of microorganisms to degrade

hydrocarbons is through the application of electric fields. There have been several studies on
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the effects caused by exposing microbial communitiestelectric field. Changes in the soil
dehydrogenase activity and composition of microbial communities near to the anode have
been reported [12, 13]. Y&t al [14] observed a 20.3% increase in the HXD degradation rate
by bacteria isolated from a contarated site on the edge of Daging Oil Field by applying a
constant voltage gradient of 1.3 V ‘dnfor 42 days. Previously, our group showed that
exposure of the mycelium &. nigerto an electric field during HXD degradation changed

the microbial metabolm, orienting it towards catabolic pathways. Apparently, important
changes occur at the membrane level that favour the passage of HXD into the cells and,
consequently, its mineralization [15]. This paper proposes the use of A. niger immobilized
on perlite,growing in solid state culture as follows: (i) spores germination during 4.5 d, (ii)
electric field treatment (1.0 d), (iii) growth after electric field treatment (6.5 d); resulting in

a supported BC (total 12 d), as a novel approach to increase ityantoikegrading HXD in

a subsequent culture cycle (in liquid culture) under the assumption that the changes promoted
by the electric field are maintained. BC activity was evaluated according to the Langmuir
Hinshelwood mechanism for a heterogeneous catahgaction, always distinguishing

between surface activity (sorption capacity at equilibrium) and the HXD degradation rate.

3.2Materials and methods

The experimental strategy proposed here consists of two stages (Fig. 1). First, a previously
reported techigjue [15] was used to produce a fungal wkaaé BC (A. nigersupported on
perlite) on SSC. At this stage, an electric field was applied in a controlled manner as a
pretreatment to modify the physiology of the fungus. In the second stage, the BC was used
in serological bottles to determine surface activity (HXD sorption capacity)iaatly, an

air-lift bioreactor containing the BC in suspension was prepared in which-¢&¢{bading

activity was also evaluated. During the second stage a comparison beteqaetteated

and untreated BC was also performed.

14



______________

{ SNRf 23A = P ANUF GO . A 2N
F2NJ a2NL D \f F2NJ I -5 RS
GSadAy

< !
i 6
‘" Biocatalyst i
e R !
: [— 1
\‘ 1 !
—4 :

. A2NBI Of
oA20!I GIfs
LINR R dzO (i

Ul
I

¥

..............

Figure 1.Scheme of producticnse of the biocatalyst, (1) electrodes and electrolyte compartments,
(2) potentiostat, (3) solid state culture bioreactor, (4) rising zone intift &iloreactor, (5) down
comer zone into ailift bioreactor, (6) air distributor.

3.2.1. Microorganism
The strain wagAspergillus nigerATCC 9642, propagated in flasks with 50 mL of potato
dextrose agar (PDA). It was seeded by groove and held for 7 days at 30°C. Spores were
harvested using 0.05% Tween 80 and the spore suspension was usedaslamito

produce the BC. The strain was stored on PDA slants at 4°C, reseeded every 2 months.

3.2.2. Biocatalyst production
The BC was produced by SSC using a horizontal cylindrical bioreactor 450 mL in volume
(Fig. 1) packed with 15 g of dry inert support (RIBuring production, an electric field was
imposed (see below). Hereafter this will be referred to as the electric field pretreatment.
Perlite (Dicalite, México, particle size 11168 mm) was used as an inert support [15]. It
was impregnated with HXDSIGMA-ALDRICH, 99%) (180 mg (g DISY) dissolved in
hexane (20% v/v); afterwards, it was spread in trays to evaporate hexane at room temperature.
To the impregnated and dried perlite was then added 2.33 mL (g Bi®)ineral medium.
The mineral mediurwas composed (in g £) of: NaNG, 21.230; KHPQs, 3.004; MgSQ,
0.882; KCI, 3.050; trace element solution, 6 mtl. LThe trace element solutioras
composed (in g £) of: FeSQA DHD.001; CuS®@A MH.015; ZnS@A DHD.161;
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MnSO: A sDHD.008. e medium was sterilized at 15 psi for 15 min; the initial moisture
content was 70%. Biomass and residual HXD content in the BC was determined at the end
of the SSC (12 d).

3.2.3. Electric field pretreatment

The bioreactor used to produce the BC was providedtwithl2 cm separated electrodes
(built in titanium coated with ruthenium oxide with a contact surface of 13 buoth
completely submerged into the solid medium, and two reservoirs for electrolyte (0.1 M
KH2PQy) one for each bioreactor end (Fig. 1). Therbactor was packed with perlite
impregnated with HXD, mineral medium and inoculum. After spore germination (4.5d) a 6
mA electric current was applied (resulting in 0.75 V-cacross the wet culture porous
media) for only 24 h, after which growth wasoalked to continue up to 12 d. Afterwards the
catalytic activity was evaluated for HXD degradation in a subsequent liquid culture cycle,

using an aklift bioreactor with model contaminated water.

3.2.4. Sorption isotherms
The BC produced was sterilized at 15gp&r 15 min to eliminate metabolic activity;
afterwards it was usefbr sorption experiments. To analyse the kinetics of sorption,
serological bottle$150 mL) were used, containing 50 mL of MM to which were added 2.6
g L' HXD and 3 g L of BC or perlite (inert support) as a control. All treatments were
agitated at 150 rpm (Incubator shaker 126, New Brunswick, USA). In order to measure sorbed
HXD, all serological bottles were filtered (Whatman paper 42), thoroughly \wetshed
and dried (60°C). ThelXD concentration was measuregtery 6 h until a steady statas
achieved. All measurements wgrrformedn both the BC angerlite alonaunderthe same
conditions, both pretreated and untreated. To generate isgthiden initial HXD
concentration in the Miwas modified as follows, 0.325, 0.65, 1.3, 2.6 and 5.2°4 [After
48 h, the HXD dispersed in the aqueous phasetlaaidsorbed on the solid phaseere

measured.

3.2.5. Sorptiondegradation test
Sorptiordegradation tests were performed at the same condd®rsorption isotherms,
using BC sterile and nesterile. HXD concentration was measured in both liquid and solid

phases. To quantify degraded HXD, a mass balance was performed. Total HXD mass was
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quantified (solid plus liquid) and then normalized basednaximum initial HXD mass
assayed (260 mg per serological bottle in the case of 53.drInal quantified HXD mass
was graphically compared to initial HXD mass. If the resulting slope (measured HXD
(theoretical HXD)) is 1.0, then the total initial HXnass is detected; whilst a slope lower
than unity represents nategraded HXD and the difference to the unity is the degraded HXD

fraction.

3.2.6. Catalytic activity for HXD degradation
Biocatalytic activity was determined via HX&pecific consumption. Batchgliid cultures
were set up using a cylindrical glassl#irbioreactor (7 cm diameter, 50 cm length) provided
with a concentric tube (4.2 cm diameter, 20 cm length) located 2.8 cm above the bottom with
model contaminated water, i.e. 1 L of mineral med{iM) supplemented with 1.3 gtof
HXD and 5 g ! of BC. Pneumatic agitation was provided bysparged into the concentric
tube at 6 cm$(5 VVM). The HXD concentration was measured every 6 h during 48 h. The
mineral medium (MM) was composed (in ghLof: NaNQs, 0.3575; KHPQs, 0.0059;
MgSQy, 0.0303; KCI, 0.0514; trace element solution, 2 mk To distinguish the surface

activity of the catalyst, sorption isotherms were carried out.
3.2.7. Analytical methods

3.2.7.1Biomass in the biocatalyst
Biomass was quanitdfd through soluble protein determination using the Lowry method
(1951). Dry samples (0.5 g) were milled with a mortar and pestle, suspended in 10 mL of 0.5
N NaOH and boiled in a water bath for 10 min. Soluble protein was quantified in the
hydrolysed samfes with a commercial kit (Bi&kad Dc protein Assay Kit). A calibration
curve was obtained from the biomas®ohigerpreviouslygrown in 256mL shaken flasks
(50-mL of liquid medium; 72 h). The biomass was vactiiltared through Whatman 42
paper and nilied. Soluble protein was determined spectrophotometrically with a Varian Cary
50, Australia.

3.2.7.2HXD quantification
HXD content in the BC was obtained by sdiguid microwaveassisted extraction using a
MARS 5 unit, CEM, USA. Dry samples (1.0 g) were susieehin 10 mL each of a hexane
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acetone mixture (1:1) and extraction was performed for 15 min at 150 °C; the resulting extract
(1.5 mL) was filtered and HXD was quantified by gas chromatography. For quantification of
HXD dispersed in the liquid medium, lighliquid extraction was used. Five millilitres of
eachliquid sample was taken and mixed with 5 mL of a hexaoetone mixture (1:1). The
mixture was stirred and allowed to stand for 30 min. Then HXD was quantified in the organic

phase by gas chromatogrgph

The HXD extracted was quantified by gas chromatography using a Varian 3900, USA, with
a flame ionization detector (290°C). An Alltech 16367 capillary column was used (15 m x
0.25 mm x 0.1 um) with helium as carrier (30 mL mhid0 psi); the column tengpature was

120°C initially then increased up to 200°C at 30°C/min. External standards were used.

3.2.8. Mathematical model
The results for the sorption isotherms were adjusted to the Langmuir model and the
parameters defining the isotherms for the supfpatlite sole), untreated B&hd pretreated
BC, were comparedlhe Langmuir model describes the amount of HXD sorbed on the solid
phaseas afunction of HXD dispersed in the liquid phase, both variables measured at
equilibrium, and is defined by two parat@es indicating the ability of the sorbent to retain a
compound and the affinity between the sorbate and sorbent. The model is described
according to the following equation.
q.C,
KAf +CA

Oa =

Whereqa is theconcentration of HXD in the solid phase (expressed in g (DN is the
concentration of HXD dispersed in the liquid phase (expressedi), g4_ is the maximum

sorption capacity (expressed in g (g DWandKaris the affinity constant betweernX® and

solid (expressed in g1), defined as the equilibriumesorptionconstantfor HXD. If the

assayed concentrations are less than saturation concentration, a linear isotherm can describe

the experimental data, and then, the model is according tollbeihg equation:

0, = KC,
WhereK is an apparent affinity constant, expressed in L (g M)
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3.2.9. Statistical analysis
All measurements were performed in triplicate and are presented as average value and
standard deviation. The obtainedal&dr the sorption isotherms weaaalysedy nonlinear
regression using the Marquaiddtvenberg (1944) algorithm and the thermodynamic
parameters of the Langmuir model were estimated. In order to compare Langmuir and linear
model, the obtained data alsemanalysedy linear regression; these are presented as the
estimated values and standard errors. The estimated parameters were compared using
ANOVA and Tuckey testg=0.05). For comparisons between the activity of the support and
the pretreated andntreated BCs, pawise curves usingtheSt udent t est (U=0.
contrasted. The statistical package IBM SPSS 18 was used.

3.3Results and discussion

3.3.1. Electrochemical pretreatment
Whenthe electric field was applied during growthAf nigerin SSC,the consumption of
HXD was enhancedncreasing from 84#1.2% to 94.61.2%, and biomass production was
decreased from 168:02.3 mg (g BC} to 35.9%1.9 mg (g BC} by the untreated and
pretreatedBC, respectively. Similar results (carbon mineralizaiimereased from 24% to
74%when the electric field was applied) weretained by Velascélvarezet al [15], who
first demonstratedhat the application of an electric field modifids niger metabolism,
reorienting it towards catabolic pathways. Podokstkal [16] showedhat the application of
low intensity electric pulses (20 V) t®@seudomonas fluorescenan modify respiratory
activity and the changesgerereversible. Based on tligypotheticalssumption that the time
required to reverse the effects of tiectric field onA. nigeris sufficiently long, the electric
field in our work was applied as an electrochemical pretreatment in order to evaluate the
catalytic activity of the BC by means of the surface activity (HXD sorption) aneiXiz
transforming cpacity.

3.3.2. HXD sorption kinetics
The HXD sorption kineticruns were analysedfor perlite and BC (both pretreated and
untreated) in order to determine the steady sitate The HXD concentratiorelated to one
gram of the dry perliteeached was 5:80.1 mg (g DM) (Fig 2). This concentration is low
compared to sorbents used for hydrocarbon removal in polluted Yeatexample, activated
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coal or hydrophobic clays, among others [17]. Afterappiyiree | ect ri ¢c fi el d,

sorption capacitgecreased, achieving a HXD concentration off1021 mg (g DM) in the
steady state. This might be because of a change in surface charge distpbaakedby

the electric field. The resulting redistribution of surface charges may change the
electroknetic properties othe solid-liquid interface [18]; therefore, the affinity between
perlite and HXD could beegativelyaffected. In both cases a steady state was observed after
30 h.
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Figurel. HXD sorption kinetics of pretread perlite ), untreated perlite&(), pretreated
biocatalyst ¢) and untreated biocatalyst)

In the case of the untreated BC a steady state was reached after 24 hsavitacaHXD
concentration of 25.% 1.1 mg (g BC}. With the pretreated BC, th&teady statevas na
reached until 40 h, showing a concentration of 134240 mg (g BCY. It was clear that
EFPT increases the sorption capacity, but only in the presence of fungal bieveassiore,
the change in sorbed HXD on the biomass was anr afdenagnitude greater than that
observed on perlite. Based on these resuttslecided taun experiments up #8 h in order

to constructsorption isotherms.

3.3.3. HXD sorption isotherms
Sorption isotherms (shown in Figure 3) were performed with three ehffesorbents(i)
perlite, (ii) the untreated BC an(ii) the pretreated BC. The pretreated perlite was not taking
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into account because its sorption capacity totally decreased after pretreatment. The highest
concentration of HXD observed in perlite wa3+1.7 mg (g DM)! andin the untreated BC

it was 34.86.8 mg (g DM)* (Fig. 3) The difference may be because the biomass covering
the supportvas probablyhydrophobicandcould increase the affinity between the BC and
HXD. Teaset al [19] suggest thatil sorption capacitgouldbeincreasd by increasing the
hydrophobicity of the perlite. In some reports, it is argued that an important property of a
good hydrocarbon sorbent is surface hydrophobicity, such as activated coal from
lignocellulosic biomasg20]. For example, Cheet al [21] attribute the high sorption
capacity of polycyclic aromatic hydrocarbonsi(80% in a week) by a consortium of white

rot fungi to the surface hydrophobicity of the biomass.

When analymg the pretreated BC, it was obged that the sorption capacity increased by
an order of magnitude compared to untreatedup@147.8+14.2 mg (g BC} (see Figure

3). To our point, lis is the first work that discusses the sorption capacity of a microorganism
previously modified with aelectric field. Some researchers have suggested that application
of a low intensity electric field may affect the permeability of cell membranes; howeser,
detailedeffects of applying a low intensity electric field on the surface properties of matrobi

cellsare unknowrj16, 22].
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Figure2. Sorption isotherms of HXD onto perlit@)( untreated biocatalysé] and pretreated
biocatalyst #). Langmuir (black) and linear (grey) model fitting.

In order b perform a quantitative comparison of HXD sorptaanongthreeof the studied
sorbents, the experimental results were fitted to the Langmuir and linear models and
characteristiparameters defining the isothermsre comparedrable 1 shows the values of

the parameters generated by two models for each sorbent.

Table 1. Estimated Langmuir and Linear Isotherms parameters for the three different sorbents.

Sorbent  Langmuir K, (109 0*Hxp Q*Hxp Linear K (10%)
R? (mg L) (mg (g DM)?)  (mg (mg BM)?) R? (L (9 DM)™)
Perlite
0999  1.23+0.18 32+ 3 0.99 2+0.1*

(support)
untreated 99 130+062  119+41° 0.7 0.98 6+0.3"
Biocatalyst
Prewreated ) 95 .15+ 0.04 207+ 2% 5.7 0.99 86+ 2
Biocatalyst

Langmuir Isotherm parameters: Ka, affinity constant; g*nxp, maximum sorption capacity; Q*wxp,
maximum sorption capacity related to biomass (BM)Linear Isotherm parameter: K, affinity constant.
The average value and standard error are expressed. Different letters or symbols representnsiigant

difference.
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The affinity constantaluesfor the support andhe untreated BCare not actually well
explained by the Langmuir moddiecausehe large standard errofound (approximately

40% of the averageyas probably due to the absence of a concentration range thibere
amount of sorbed HXD was independent of the HXD concentration in the liquid phase, i.e.,
the concentration related to saturation was not clearly observed, in this case it was observed
a linear isothermLinear model shows that the slope was highest for preteated BC (0.086 L
(g DM)), lower for untreated BC (0.006 L (g DM)and lowest for untreated perlite (0.002

L (g DM)™?). Pretreated BC waanalysectonsidering only the linear rangedin 0 to 1.3 g

L of initial HXD). The maximum sorption capacitga) was obtained from Langmuir
model. The highesix* value was observed for pretreated BC (207 mg (g Mdwer for
untreated BC (119 mg (g DM) and lowest for untreated perlite (8% (g DM)Y). The
estimated values of the Langmuir parameters for the pretreatasleB&Ssimilar to those
reported by ENaaset al [23], where datit activated coal was used to adsorb organic
matter. Those values were 252 mg fpr maximum sorption gaacity, respectively.
Activated coal is classified as a good sorbent of organic matter. Considering that the active
phase of the BC is the biomassfofnigerand biomass production in the pretreated BC was
only 21% compared to the untreated BC, we obsktiat the pretreated biomass s9b

fold higher than the untreated biomass (Table 1). Carfia¢iymentions that the activity of

a catalyst is related to the surface concentratioaffifity sites for the reactants; thus,
knowing the sorption capacitielps to understand and correctly interpret the catalytic
activity. In orderto discriminate betweethe possible effects of autoclaving on the sorption
capacity and that induced by the electric field pretreatmentjecided t@onduct a similar
experimemnto generate sorption isotherms but without sterilizing the BC. In this experiment,

sorption phenomena and simultaneous degradationexpected
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3.3.4. Sorption-degradation test
In order to exclude the effect of autoclaving on the sorption capacity of the pretreated BC,

nonsterile BC was used and a similar sorption isotherm experiment was performed; the
results are shown in Figure #he resultingHXD concentrationsvere similar to those
observed in the sorption isothesmvith the pretreated BC (Fig. 3); however, the dispersed
HXD concentrationsn the liquid phase iur sorptiordegradation testvere lower than
those obtained in the autoclaved assays, suggesting that a pértenioitial HXD was

metabolized by théving fungus
250
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Figure 4. HXD concentration onto naterile pretreated biocatalyst as a function of the dispersed
HXD concentration at T = 48 h.

In order to quantify théiXD thatwasprobablymetabolizedyve performed a mass balance
for HXD at the end of the experiment, identifying only 73 % of the initial HXD (Fig. 5),
whilst in the autoclaved BC 100 % of the HXD was identifi@dr results suggest that the
sorption capacity was not affected by sterilizataord the pretreated BC maintained its
acquired surface activityvhen pretreatedin order to confirm the HXD consumption

capacity,we evaluatedthe catalytic activity of the BC itiquid medium using an aiift

bioreactor.
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0.9 | HXD; = 1.0104 HXD,
R2 = 0.9875

HXD; (normalized)

HXD; = 0.73 HXD,
R? = 0.9905

0 0.2 0.4 0.6 0.8 1
HXD, (normalized)

Figure 5. HXD balance at trend of the sorptioiegradation test with HXD at T = 48 h using
sterile @) and norsterile biocatalyst% ). Normalized values are expressed based on the maximum
initial HXD mass.

3.3.5. Hexadecane degradation in liquid medium
As far as we could determintie electrochemical pretreatment affected the surface activity
of the BC;therefore, weevaluate the catalytic activity in the liquid medium, again expecting
an increase ithe HXD degradation rate. The results are shown in Figufénéuntreated
BC consumed3% of the initial HXD (0.81 mg HXD (mg BM) at 48 h, with an average
consumption rate of 0.34 g (L t)Volke-Sepulvedaet al [25] observedower degradation
rates of HXD, from 0.09 g (L dhto 0.2 g (L d}t, using initial HXD concentrations from 20
to 80 g L't in 31 dcultures in serological bottles with orbital shaking. The difference may be
better dispersion of the organic phase due to the hydrodynamics of the bioreactor; another
possillity could be that the fungus previously grown on solid madtthen transferred to

liquid medium acclimated to the presence of HXD.
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Figure 6. HXD degradation kinetics with pretreate®-() and untreated-¢-) biocatalyst.

Cuhnaet al [26] mention that a soliiquid culture sequence, where a fungus is grown in a

solid culture and then transferred to a liquid culture to produce protein, performs better than
starting a conventional liquid culture inoculated with spores. In this case a similar
phenomenornwould be observedwhere the BC is more efficient comparéal HXD
degradation byA.nigerusing spores as inoculum in liquid cultuesobserved by Volke
Sepulvedeaet al [25]. In the case of the pretreated BC, at 42 h of cultydp86% of the

initial HXD (6.23 mg HXD (mg BM)) was degradedyith an averageonsumption rate of
055gHXD(Ld}. This result demonstrates that the

the pretreatment is present in at least one subsequent culture.
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3.4Conclusions
Electric field pretreat menhis wasnntainteirred snda t h e
subsequent liquid culture. Sorption kinetics showed that electric field pretreatment decreased
the sorption ability of perlite, but increased the fungal wAeelé BC sorption capacity.
Linear isotherm fits experimental results teetthan Langmuir for affinity constant and
Langmuir resulting in a useful tool in order to obtain the maximum sorption capacity. We
demonstrate with both mathematical criteria that BC sorption capacity increased after electric
field pretreatment andhis may be the cause of the increased catalytic activity during HXD
degradation. However, the relationship between electric field pretreatment and functional
microbial activity needs to be investigated furthies.our knowledge, this is the first work
that prgposes a method of both production and utilisation of a fungal waetl&C that was

exposed to an electric field during fungal growth.
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Partial contribution

In the Chapter 3two subsequent cultures (solid then liquidg¢re proposed for HXD
degradation in the airlift bioreactor usittge fungal whole cell biocatalyst. The biocatalyst
was pretreated with an electric field in a solid state cuyltimen itwas evaluated as HXD
sorbertdegrader. It was demonstrated thia¢ electric fieldpretreatment enhanced the

bi o c a tpapestiestadasgood applicant to remediate hydrocarbon contaminated water.
At this pointit wasnecessary to evaluate thiecatalytic activityapproachingwo topics:(i)

to characterize the catalytiedormance (mass transfer limitations, sorption capacity and
reaction kinetics) regarding hydrocarbon degradation in the airlift bioreantbi(ii) the

biocatalytic degradation of more complex hydrocarbons such as polycyclic aromatics.
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Abstract

The combination of biological and electrochemical techniques enhances the bioremediation
efficiency of treating olcontaminated water. In this study a agnowing fungal whole cell
biocatalyst (BCAspergillus brasiliensiattached to perlite) pretreated with an electric field
(EF), was used to degrade a hydrocarbon blend (hexadpbananthreng@yrene; 100:1:1

w/w) in an airlift bioreactor (ALB). During hydrocarbon degradation, all mass transfer
resistances (internal arekternal) and sorption capacity were experimentally quantified.
Internal mass transfer resistances were evaluated through BC effectiveness factor analysis as
a function of the Thiele modulus (using first order reaction kinetics, assuming a spherical
BC, five particle diameters). External (interfacial) mass transfer resistances were evaluated
by kiLa determination. EF pretreatment during BC production promoted surface changes in
BC and production of an emulsifier protein in the ALB. The BC surface modifisatio
enhanced the affinity for hydrocarbons, improving hydrocarbon uptake by direct contact. The
resulting emulsion was associated with decreased internal and external mass transfer
resistances. EF pretreatment effects can be summarized as: a combinedneptakasm

(direct contact dominant followed by emulsified form dominant) diminishing mass transfer
limitations, resulting in a neepecific hydrocarbon degradation in blend. The pretreated BC

is a good applicant for edontaminated water remediation.

Keywords: Aspergillus brasiliensigniger), Thiele modulus, effectiveness factor, aliphatic

and polycyclic aromatic hydrocarbon degradation, airlift bioreactor.
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4.1.Introduction
Bioremediation is the most common technique for oil contaminated water treatment;
however, an important nesasily biodegradable fractionge.g. polycyclic aromatic
hydrocarbons, such as phenanthrene (PHE) and pyrene (PYR), requires new strategies to
enhance remediation efficiency [1]. The combination of microbial and electrochemical
tedniques, referred to as microbial bioelectrochemical systems (BES), have been shown to
enhance bioremediation efficiency, for example a microbial electrochemical cell (MEC) that
uses an external electric energy source to drive the intended reactionslifitanpo
degradation [2] Aspergillus brasiliensiATCC 9642, formerlyAspergillus nigerATCC
9642 [3], grown on perlite in solid state culture has been used as a MEC, associated with a
high hexadecane (HXD) degradation capability and low biomass prodydforihe
degradation rate of hydrocarbons is limited due to their poor solubility and bioavailability.
Lizardi-Jiménezt al [5] found that HXD consumption by an-@iegrading consortium was

limited by the hydrocarbon transfer rate rather than the oxiygesfer rate.

As with immobilized enzymes, if a microorganism is attached to a porous support, internal
and external mass transfer resistances could have a great influence on the kinetics. Internal
mass transfer barriers can be studied through pastadeand the evaluation of effectiveness
[6].The relationship between particle size and mass transfer resistance can be represented by
the Thiele modulus, which reflects the combined effects of particle diameter, the maximum
reaction rate and the diffustyi of the reactants into the pores of the catalyst [7]. The
effectiveness factor, defined as the ratio between the observed reaction rate (with mass
transfer resistances) and the maximum reaction rate (without mass transfer resistances) [8],
as a functiorof the Thiele modulus is currently the preferred tool for chemical engineers to
simulate complex heterogeneous reaction kinetics [9]. However, for heterogeneous reaction
systems, it is necessary to experimentally evaluate the mass transfer resistaaizdgtin c
particles, especially in biological catalysts, due to their dependency on complex biochemical
reaction mechanisms. A particle size might exist at which the effectiveness factor is maximal

and, therefore, the immobilized biocatalyst performanopitsnal [10].

Hydrocarbon uptake in multiphasic bioreactors can be carried out by two mechanisms: (i)
direct contact between microorganisms and hydrocarbon drops and (ii) by emulsifying oil in

water phases. It was found that predominant bacterial hydmtagitake mechanism is by
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direct contact [11]; however, when an immobilized microorganism is used as hydrocarbon
degrader, the external cells present high metabolic activity in contrast to starved cells into
the pored.e. low effectiveness biodegradati¢pt?]. Then two possible alternatives able to

enhance effectiveness: (i) the particle size diminishment and (ii) the hydrocarbon degradation

assisted by a bioemulsifier agent.

Previously A. brasiliensisattached to perlite and pretreated with an eledtild,fvisualized

as a fungal whole cell biocatalyst (BC), was proposed as a promising method to remediate
contaminated water, due to its HXD sorbdegrader capability [13]; however, it is
necessary to expand our knowledge on the degradation capabilitiesre complex and
hazardous hydrocarbons.,g. PAH, and the related kinetics and mass transfer limitations.
The aim of this study was to characterize BC performance (mass transfer limitations, sorption
capacity and reaction kinetics) regarding hydrocarlidend degradation in an airlift
bioreactor. Internal mass transfer resistances and biodegradation Kkinetics were
experimentally evaluated through the effectiveness factor, as a function of the Thiele
modulus. Additionally, the specificity for the thredfelient hydrocarbons assayed in the

blend was assessed through independent sorption isotherms and effectiveness factor analysis.
4.2 Materials and Methods

4.2.1. Microorganism
The strain wasAspergillus brasiliensiATCC 9642, propagated in flasks with 50 mL of
potab dextrose agar (PDA). It was seeded by groove and maintained for 7 days at 30°C.
Spores were harvested using 0.1% Tween 80 and the spore suspension was used as an
inoculum to produce the BC. The strain was stored on PDA slants at 4°C, reseeded every 2
morths.

4.2.2. BC production
The BC was produced in solid state culture according to the previously reported method [13].
During the BC production, the electrochemical pretreatment (activation by an electric
current, 6 mA during 24 h after spore germination) watopaed. Afterwards, growth was
allowed to continuaup tothe end of culture. The end of culture was determined before
sporulation began (see section 3.1).
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4.2.3. Drying and disrupting the biocatalyst

The produced BC was dried for 8 h in a desiccator (initiatiked humidity ~5%, 30°C) until

a 20% moisture content in the BC was achieved. The dried BC was crushed using a mortar
and pistil, disrupted into different diameters and sized passing through five different meshes
(<0.105, 0.10%.42, 0.420.59, 0.591.19 and 1.191.68 mm). Dried and sized BC was
evaluated for biomass detachment and metabolic activity. Biomass detachment was
evaluated by biomass quantification for each BC diameter. The results are presented as
normalized biomass content in the BC basedhenbiomass content in nanushed BC

samples. Viability was determined through radial growth on PDA in Petri dishes after 48 h.
4.2.4. External Mass transfer resistances evaluation

4.2.4.1 Interfacial oxygen madsansfer
Dissolved oxygen was measured with a Clark tgbectrode (ADI d@, Applisens,
Netherlands). The dynamic numerical method proposed by Etja [14] was used to

determine the volumetric mass transfer coefficikrd)(

4.2.4.2 Interfacial hydrocarbon mass transfer
The ALB was started and allowedsdtabilize hydrodynamic conditions, a pipet (4.42 £ 10
cn? transversal area) with a defined hydrocarbon volume was introduced (see Figure 1) as
early reported [15]. An aliquot was taken each 0.5 h during 3 h, and hydrocarbon

concentration was measured.
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Figure 1. Experimental arrangement for interfacial hydrocarbon mass transfer quantification, pipet
contains rhodophile stained hydrocarbon blend.

4.2.5. Aliphatic-PAH sorption isotherms
The produced BC was thermally sterilized (15gp&b min) in order to elinmate metabolic
activity; afterwards it was usddr sorption experimentg\ll treatments were agitated at 150
rpm (Incubator shaker 126, New Brunswick, USAD generate isothes{30 °Clthe initial
hydrocarbon blend concentration in the M¥s 0, 0.32,0.65, 1.3, 2.6, 5.2 and 10.4 ¢f.L
After 48 h, the hydrocarbon dispersed in the agueous phaskaasdrbed on the B@ere
measured according to the methods previously reported [13].

4.2.6. Aliphatic-PAH degradation
The degradation of an aliphat®AH blend (100:1:1; HXDPHEPYR; mimicking the
aliphaticPAH proportion in diesel) was carried out in batch liquid cultures using a previously
reported airlift bioreactor [13]. Hydrocarbon degradation assays were carried out using all
previously established partiafitlameters. In all cases, fluidization and instantaneous mixing
was visually assured. Hydrocarbon (sole carbon source) concentration was measured every
6 h, during 48 h of culture time. In order to visualize the specificity during hydrocarbon blend
degrad#on, each hydrocarbon concentration was reported as normalized value, based on the
initial concentration (1.287, 0.013 and 0.013 gfor HXD, PHE and PYR, respectively).
The biomass content in the BC was measured at the initial and final time.
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4.2.7. Analytical methods

Biomass quantification
Biomass was quantified through total protein determination using the Lowry method [16].
Dry samples (0.5 g) were prepared and analyzed as early reported [4]. Soluble protein was

determined spectrophotometrically with a \dariCary 50 (Australia).

4.2.7.1Spore quantification
The solid culture was homogenized and suspended (1 g based on dry matter) in 10 mL of
0.1% Tween 80, then vortexed for 2 min. Next, it was filtered through Miracloth (Merck
Millipore). The filtrate was successly diluted. The number of spores in each dilution were

counted using a Neubauer chamber.

4.2.7.2C0Oz quantification
The equipment to quantify respiratory activity was designed and constructed in our
laboratory (Figure 2). An intermittent air flow controlled wélsolenoid valve was passed
through. When the CQevel reached 1%, the air flow was opened to change the culture head
space, then the produced £@as quantified. One cycle (opefose of the solenoid valve)
was considered one sample. The sampling frecuewnas adjusted according to the
respiration rate of each culture. Operation parameters (flow rate and sampling frequency)
were measured and controlled with LabView software (2011, National Instruments; USA).
A Vernier relative humidity sensor, as well@; and Q gas sensors (Vernier Software and
Technology; USA) were connected to an NI CompactDAQ data acquisition system (National
Instruments; USA). When the air flow was opened, the flow rate and concentration2 of CO
and Qwere measured. CG@oncentrabns were integrated with respect to time, resulting in
milligrams of CQ produced during the established sampling period. The results during BC

production are expressed as mg2@@r g of dry inert support (DIS).
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Figure 2. Respirometer for solid state culture analysis. Humidifier on the inlet to the bioreactor (1),
drier column on the outlet of the bioreactor (2), flow meter (3) and sensor chamber to measure CO
and Q concentrations and relativeimidity in the air flow (4).

4.2.7.3Hydrocarbon quantification
The hydrocarbon content in the BC was obtained by #iglisd microwaveassisted
extraction using a MARS Xpress unit, CEM, USA. Dry samples (1.0 g) were suspended in
10 mL of a hexanacetone blen¢l:1) and extraction was performed for 15 min at 150°C;
the resulting extract was filtered and each hydrocarbon was quantified by gas
chromatography. For the quantification of dispersed hydrocarbons in the liquid medium,
liquid-liquid extraction was useéive milliliters of each liquid sample was taken and mixed
with 5 mL of a hexanacetone (1:1). The mixture was stirred and allowed to stand for 30
min. Then, each hydrocarbon was quantified in the organic phase by gas chromatography
using a Shimadzu G€010 Plus (Japan) apparatus with a flame ionization detector (290°C).
An Alltech 16367 capillary column was employed (15 m x 0.25 mm x 0.1 pum) witdsN
the carrier gas (30 mL miin 40 psi); the column temperature was initially set at 120°C and

thereafteiincreased up to 200°C at 30°C nhirExternal standards were used.

4.2.7.4Soluble protein quantification
Protein production (at 24 h) in the ALB was determined using the Bradford method [17]. One
milliliter of liquid media was extracted from the ALB and centrifuged (6§D min); then,
200 nL of Bradford reagent (Sigmaldrich) was mixed with 800rL of the sample. The
mixture was allowed to stand for 10 min and absorbance was measured (550 nm) using a
Cary 50, apparatus (Varian, Australia). Bovine serum albumin (Sijdrich, 98%) was

39



used as the standard. The soluble protein concentration was repontathatized values
dividing protein production for each particle diameter assayed by the maximum protein

production.

4.2.7.5Emulsifying activity determination
The activity of bioemulsifier produced in the ALB during hydrocarbon degradation was
determined by mesauring the stable emulsified droplets, using a Mastersizer 2000 (Malvern,
UK). At 24 of liquid culture, an aliquot was taken and droplets Sauter mean diamejer (D
was measured. Stable emulsion was considered as micrometric droplets without significant

diameter changes within 24 h.

4.2.8. Statistical analysis

All cultures were carried out in duplicate. The hydrocarbon degradation kinetics of the liquid
cultures were evaluated by linear regression, fitted to a first order reaction model. All
measurements were cad out in triplicate samples and compared using ANOVA and the
Tukey test & 00.05). Correlation analysis was carried out between the each hydrocarbon
degradation kinetic constant and the soluble protein production at 24 h of ALB culture. In
order to stadardize the scales; both, kinetic constants and protein production were
normalized based on the estimation for the smallest BC diameter.

4 .3Results and discussion

4.3.1. Biocatalyst production
The BC was produced in SSC; after spore germination (4.5 d), ancetectent of 6 mA (1
V cm?) was applied for 24 h. Afterwards, growth was allowed to contimusthe end of
the culture period. During BC production, mineralization and sporulation were measured.
Figure 3 shows that G@roduction was near to 380 mg &@er g of dry inert support, with
4.5 d lag time, similar to previously observed [4]. 2@@pduction rate was enhanced by the
electric current €ii, Figure 3). Podolskat al [18] discussed that a low intensity electric field
acts as an electron pumfhus accelerating respiratory activity. The maximum2CO
production rate was reached at 6.5 d; the @@duction rate was not zero after 12 d, possibly
due to some intermediate metabolites such as carboxylic acids that accumulated in the cell

and graduallyxidized [19]. The C@production rate and sporulation, which started after 8

40



d, were considered for the improvement of BC characteristieshigh hydrocarbon
oxidation capability and the absence of spores that could detach from the BC and form
indepement mycelial structures. Based on these characteristics, the selected time for BC
production was 8 d. The next step was the establishment of conditions for drying and
disrupting the BC, followed by the evaluation of its hydrocarbon degradation capadiitity

several BC diameters.
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Figure 3.Hexadecane mineralization (open symbols), accumulated production.¢gi;QO,
production rates and spore productiomfduring biocatalyst production with a controlled (6 mA)
electric fieldapplied between 4.8 (i) and 5.5 d (ii).

4.3.2. Drying and disrupting the biocatalyst
Drying the BC was necessary in order to avoid the formation of a paste, which could be hard
to handle when the BC was disrupted. The drying and disrupting steps could promote both
hydric and mechacal stresses and thus affect the capability of BC to degrade hydrocarbons.
The attached biomass in the BC, after being dried and disrupted, was another essential
characteristic evaluated and associated with mechanical stability. Figure 4 shows tree relati
biomass content for all BC diameters for both EF untreated and pretreated BC. In untreated
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BC, significant differences in the relative biomass content were observed for smallest
diameter. In pretreated BC, the biomass content was not significantlyedffeg the
disruption procedures. This result shows that surface BC properties were affected by EF
pretreatment, resulting in stronger biomass sorption (attachment) onto the support than with
untreated BC. The biomass sorption onto the support is retated interfacial tension and

its dependence on the electrical state of the interface [20]. Barzyk and Pomianowski [21]
proposed that the change in interfacial tension as a function of an applied potential is equal
to the surface polarizable charge. Acdogdto this, the presence of an EF can modify the
support surface properties and its sorption capaeiyhiomass attachment, as shown in this
work. An important characteristic observed in the BC is the preservation of biomass
attachment strength, eventhe ALB. This behavior is not observed in abiotic experiments,
similar to those reported by Qat al.[22]. They found that PHE adsorption on graphite was
enhanced by an EF, but this enhancement was observed only while applying the EF. Since
attached lomass is the active phase in the BC, it is necessary to consider the relative biomass
content in the degradation of a specific hydrocarbon per milligram of biomass. In the case of
EF pretreated BC, the relative biomass content was independent of tloée haimeter
(Figure 4); therefore, it can be assumed with reasonable reliability that the concentration of
the reactive species (biomass content in the BC as active phase and diplirhbtend) is

the same for all BC diameters assayed for hydrocarbgradation.
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Figure 4. Relative biomass content in electric field pretreated (black) and untreated (grey)
biocatalyst dried and disrupted into different diameters. Histograms with different letters indicate
significant differencesf00 . 05) according to the Tukey mul t|
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Figure 5 shows all assayed BC diameters (a), lowest (disrupted; b) and highest (non
disrupted; c). Disrupted BC showed mycelial fragments which were assumed without any
diffusional mass transfer lit@tions. When nowlisrupted BC, with diffusional mass transfer
limitations, was stained with lactophenol blue, mycelial structures were clearly attached to
the perlite. Both disrupted and ndisrupted BC were able to grow in PDA Petri dishes
(Figure 5d ad e). The relative radial growth Af brasiliensisvas not significantly different

for any dried and disrupted particle diameter. Figure 5e shows as an example for the highest
particle diameter (2.8¥0.09 cm d); therefore, the fungus was assumed tmbéeabolically

active (this assumption was later tested; see section 3.4).

Figure 5. Pictures of assayed biocatalyst diameters (a), lowest (b) and highest (c) diameter. Viability
test; (d) and (e) for Abo and Aco,
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4.3.3. Aliphatic-PAH sorption
Based on the previous section, BC acquired new sorption properties that improve the biomass
attachment. The acquired sorption properties are apparently related to surface modifications
promoted by the EF pretreatment. In order taldsh the role of the aforementioned surface
modifications in the BC hydrocarbon sorption capacity, sorption isotherms were performed
(see Figure 6). Same as in our previous report, the EF pretreatment enhanced (an order of
magnitude) the BC maximum sadign capacity [13], Figure 6a shows that the untreated BC
was not saturated with hydrocarbon (neither HXD, PHE and PYR) under assayed conditions.
Contrary to the pretreated BC, in which the saturation was clearly reached for all three

hydrocarbons (Figuréb).

The multicomponent Langmuir model was used to determine the maximum sorption capacity
and affinity (by equilibrium constant) of BC for hydrocarbon. Table 1 shows that equilibrium
constant was enhanced after the pretreatmenthe BC affinity for hydrocarbon was
enhanced, as we previously found for HXD sorption [13]. However, the maximum sorption
capacity was 35% lower using the hydrocarbon blend than only HXD. On the other hand,
PAH equilibrium constants were 18 and 28 fbigher than HXD for PHE and PYR,
respectivelyi.e.the hydrocarbon sorption is preferable to PYR, followed by PHE and, finally
by HXD.
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Table 1. Estimated multicomponent Langmuir isotherms parameters for all thr
hydrocarbon sorption.

BC hydrocarbon i : R?
(mg g?) Lg?
HXD 50.90+ 3.56 0.31+0.02 0.99
EF Untreated PHE 0.65+ 0.05 15.81+1.16 0.98
PYR 0.65% 0.07 9.94+0.78 0.99
HXD 143.03+ 1503 13.39+0.94 0.87
EF Pretreated PHE 1.24+0.08 244.73+17.12 0.95
PYR 1.91+ 0.2 381.87+ 25.85 0.82

4.3.4. Aliphatic-PAH degradation
The BC was separated into five diameters, and their hydrocarbon degradation capabilities
were evaluated. Figure 7 shows hydrocarbon degradation using tlesthagia lowest BC
diameters.The untreated BC (highest diameter; ii filled data, Figure 7) was capable of
degrading all three hydrocarbons; however, only hexadecane and PHE were initially
degraded (57.6% and 62.1% at 48 h, respectively), whilst PYR consumption began after 24
h (41.6%degraded at 48 h). The PAH have unusual chemical stability due to electronic
resonance, and their chemical stability is greater with a higher number of aromatic rings,
which could be related to the slower biodegradation of PYR [23]. When the lowestatiame
untreated BC was used, the hydrocarbon degradation rate was enhanced by 50% for all three
hydrocarbons (ii unfilled data, Figure 7).
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On the other hand; when the EF pretreated BC was used, PHE and PYR disappeared within
24 h, and the hydrocarbotiegradation rate was also enhanced by decreasing the BC
diameter. HXD degradation increased from 87% to 99% within 48 h of culture, using the
highest and lowest particle diameters, respectively. The results depicted in Figure 7a show
that decreasing the gile size provided an enhanced degradation rate compared to EF
pretreatment only for HXD degradation. For PAH, the degradation rate was enhanced by EF
pretreatment rather than by decreasing the particle size (Figures 7b, 7c). This significant
result suggsts that untreated BC degrades hydrocarbons with clear specificity for HXD and
PHE while EF pretreated BC was able to degrade all three hydrocarbons irspecdit

way.

Ercanet al [24] identified the physiology of microorganisms in zerder growthbeing as

cell factories for metabolite or enzyme production. In this context, BC seemed to act as a
nonspecific hydrocarbon degrading cell factory, sifgemass production during liquid
culture was negligible (the initial biomass content in the BC atlu¢lioe ALB was 37.&

2.4 mg g BC, while the final biomass content was 34.2.7 mg g BG); however, the

fungus in the BC was able to grow on PDA Petri dishes.

During hydrocarbon degradation by EF pretreated BC, a biosurfactant protein (probably a
hydrophobin; results not shown) was detected, which emulsified the hydrocarbon blend by
transforming hydophobic droplets into hydrophilic micelles. A bimodal micelle distribution
diameter (22.9 and 2rém in proportion 4:1) was found. These values were smtdan the
perlite pore diameter (average 1@@) [25], which facilitated transport into the BC pores,
resulting in enhanced interfacial mass transfer; this was likely the reason for improved
hydrocarbon degradation. Several studies have focused onl¢hefrsurfactants in the
remediation of water polluted with hydrocarbons, concluding that they can enhance
remediation efficiency due to improved interfacial transport, resulting in major pseudo
solubility and the bioavailability of hydrophobic molecul&6]f At this point, the two
possible known hydrocarbon uptake mechanisms in multiphasic bioreactors (direct contact
and oil phase emulsification) were defined by interfacial interaction, as previously reported
[27]. To our point, in case of pretreated B€Cambined uptake mechanism probably takes
place. During first culture hours, direct contact uptake was dominant. As emulsifier protein

was released to the liquid medium, emulsified hydrocarbon uptake became dominant. In
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contrast, dominant uptake mechanisyruntreated BC was direct contact, limited by internal

and external mass transfer resistances.

The global degradation rate could also be limited by hydrocarbon diffusion to the cell surface
[28]. This is an important issue because the effects of a lemgity electric field on
microbial metabolism are not completely understood [18], even though it enhances microbial
processes like hydrocarbon degradation [4]. At this point, it is important to know the
magnitude of the mass transfer resistances fromulketd the BC, in order to discriminate
between transport phenomena and the intrinsic kinetics of hydrocarbon biodegradation.

4.3.5. Mass transfer resistances evaluation
In order to determine the principal limitation between hydrocarbon and oxygen external

(interfacial) mass transfer, volumetric coefficierkisaf were evaluated (see Table 2).

Table 2.Volumetric mass transfer coefficients determination by using numerical dynamic method.
Mean estimated parameter and standard error is presented.

k.a (10%s?)
0, HXD PHE PYR
In the absence of 267+ 17 1.692+0.34  0.047+0.001  0.026+ 0.004
bioemulsifier
In the presence of 351+ 21 44288+1.24  1.181+0.022  1.23+0.16
bioemulsifier

According to thek.a orders of magnitude, the principal limitations are in the PAH mass
transfer to the aqueous phase (PYR > PHE > HXD »>l@wever, when the bioemulsifier
was produced, alkia values were enhanced: 1.3 fof &d 27, 25 and 47 times for HXD,
PHE and PYRyespectively. The presence of bioemulsifier improve the interfacial mass

transfer; however, PAH mass transfer were the slowest, similarly to recently reported [5].

The understanding of mass transfer effects on reaction rates and specificity is suite®e for

in reactor modelling studies [29]. Table 3 shows the effective diffusivity parameters, which
are in two orders of magnitude lower than kLa for PA&l.the main limiting step is in the
hydrocarbon mass transfer into the BC. The kinetic data for bgdyon degradation were

fitted to a first order reaction model and employed to obtain the Thiele modulus. The
estimated kinetic parameters are shown in Table 3 for EF untreated and pretreated BC. In the
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case of untreated BC, the estimated PYR degradateti&k constant was in the same order
of magnitude thathose early reported [30], wieea bacterial strain immobilized in diatomite
was used, evaluating sorption and degradation of PYR. However, the kinetic constant values
for pretreated BC were 3, 5 andfold higher than untreated for HXD, PHE and PYR,

respectively.

Table 3. Kinetic constants estimated for hydrocarbon degradation and parameters for the Thiele
modulus calculation.

De Dett Krixp KpHE Kpyr
BC
(cm)  (-108cm?s?)  (-108sY) (-105s7Y) (-10%s7Y)
0.168 1.36 4.40+ 0.45 0.93+ 0.08 4.14+ 0.33
0.119 1.76 4.90+ 0.53 1.15+0.10 3.99+ 0.31
EF
0.059 1.50 4.90+ 0.47 1.18+0.11 4.42+ 0.35
untreated
0.042 2.14 5.07+£ 0.55 1.46+0.13 6.35+ 0.51
0.0105 2.25 6.13%+ 0.67 2.02+0.17 8.20+ 0.65
0.168 1.85 1451+ 159 5.97+0.54 36.10+ 2.88
0.119 1.87 14.78+ 1.63 5.94+ 0.53 28.85% 2.30
EF
0.059 2.04 1493+ 1.62 5.80+0.50 38.77+ 3.10
pretreated
0.042 2.31 15.34+1.71 6.13+ 0.55 42.03+ 3.36
0.0105 2.48 1557+1.72  9.32+0.84 42.49+ 3.39

The resulting effectiveness factors of BC (untreated and pretreated) for the three
hydrocarbons tested are depicted in Figure 8. The effectiveness factor for HXD using EF
untreated BC was similar to the theoretical valuesafbirst order reaction without external
mass transfer resistances. When the Thiele modulus is greater than unity, the global
degradation rate might be limited by diffusional resistances into BC pores. This result was
according to reported by Liet al [7] for the evaluation of mass transfer resistances into
aerobic microbial granules and the model proposed by Genhab [9]. For PAHS, the

effectiveness factor decreased when the Thiele modulus values were 2 or 3 orders of
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magnitude lower than HXD (Figure 8a). This is an important result as it suggests that PAH
degradation is limited by both internal and external (interfacial) mass transfer resistances
[31]. Delidovichet al [32] evaluated the influence of mass transféhécatalytic oxidation

of glucose, concluding that the interfacial mass transfer of oxygen is able to essentially

influence the overall kinetics; a similar result was observed in this work.
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Figure 8. Effectiveness factor as a function of the observdhéde modulus for hexadecane
(triangles), phenanthrene (circles) and pyrene (diamonds) usipgeEEated (open symbols) and
untreatedfilled symbols) biocatalyst. The continuous line represents a theoretical case with a first

order reaction for a spheal catalyst with negligible external mass transfer resistances.

Figure 8b shows that the effectiveness factor was approximately 0.63 when larger particles
of untreated BC were useike. in order to enhance the effectiveness factor, untreated BC
requires to be less than 0.6 mm, in contrast to pretreated BC, which can be.@81&m.
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Surprisingly, EF pretreated BC was not susceptible to mass transfer resistances. This was
consistently observed with the effectiveness factors for the three hydrocartmpms @h),

which were close to unity for all assayed BC diameters. The highest effectiveness observed
with EF pretreated BC could be due to the surface changes promoted by EF on BC, thereby
increasing its affinity for hydrocarbons, as has been describedpievious work [13].
However, the surfactant produced in the ALB may have contributed to the enhanced
degradation rate by forming an emulsion, which increased the specific surface area of the
organic phase and thus the hydrocarbon concentration in tke[38]| resulting in an
enhanced mass transfer rate to the BC. Our results agree with those reportedJacvited

et al [34]; they experimentally demonstrated that the effectiveness factor was approximately

to unity when the substrate bulk concentraticas increased.

In order to identify the role of the surfactant in the hydrocarbon degradation kinetics, the
kinetic constant for each hydrocarbon degradation was correlated with protein production at
24 h (Figure 9). For HXD and PHE, the correlationftoents were close to 0.8,e. the
protein, as an emulsifier, was directly related to hydrocarbon degradation. For PYR, the
correlation coefficient was lower (0.27), which could be explained byfédohigher PYR
sorption compared to PHE (see Fig. i), the protein was indirectly associated with PYR
degradation, since an important fraction of PYR was not detected due to simultaneous
sorption onto the BC and degradation. Interfacial transport of PAH is one of the major
limitations. This limitation wagliminished when using EF pretreated BC, resulting in an
effectiveness factor close to unity. Our results show that all mass transfer resistances
implicated in hydrocarbon degradation were diminished using EF pretreated BC, supporting
its application in tB remediation of water contaminated with PAHs. In fact, this method
could be as effective as chemical methods such as the ozonation of PAH in oil/water

emulsions studied by Kornmuller and Wiesmann [35].
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4.4Conclusions
The BC was capable okdrading a hydrocarbon blend composed of HXD, PHE and PYR.
EF pretreatment during BC production promoted surface changes in BC and production of
an emulsifier protein in the ALB. Surface changes enhanced the affinity between BC and
hydrocarbons, improvinggydrocarbon uptake by direct contact. The resulting emulsion was
associated with decreased internal and external mass transfer resistances. We demonstrated
that the hydrocarbon degradation rate was also increased as compared with the untreated BC:
() thekinetic constant values were 3, 5 antbld higher than those with the untreated BC
for HXD, PHE and PYR, respectively anidl) (hydrocarbon degradation was rgpecific
with a combined uptake mechanism (direct contact and emulsified form) whilst for the
untreated BC degradation was only by direct contact. Finally, the effectiveness factor was
close to unity for all three hydrocarbons, even for larger BC diameters.
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Appendix A. Theoretical considerations

A.1. Multicomponent sorption

Langmuir model is one of the most used model to describe the amount of a compound sorbed
on any surface, Langmuir model is aiaction of two parameters: (i) a maximum sorption
capacity and (ii) sorption equilibrium constant; these constants allow us to determine the
saturation concentration and the affinity between sorbate and sorbent. The Langmuir model

is expressed as showmequation A.1.1.

_ G KC

== (All1l
=Tk ALY
Whereq represents de adsorbed amothtepresents the dispersed sorbate in a fluid phase,
gv andKe are two parameters that describe the maximum sorption capacity and the sorption
equilibrium constantrespectively. When sorbate is a blend in which all components can
competitively be adsorbed, eq. A.1.1 is expressed as a generalizable mode [36, 37] as shown

in equation A.1.2.

O i Kei G
N
1+a K, C,

j=1

q = (A.1.2)

Where i represents the component (in the blend) to be descrjbeghresents each

component and N is the total number of components in the blend.

A.2. Internal mas transfer resistances in the BC
Diffusional mass transfer resistance was quantified in terms effactiveness factoas a
function of the Thiele modulus, defined as shown in equation A.2.1, assuming first order

reaction kinetics and spherical BC.

f :% DL (A.2.1)
eff

whereRep is the BC radiuskis a kinetics reaction constant dbgkis the effectivaliffusivity,
which can be expressed as a function of porogitsir{d molecular diffusivity®), according

to the random model, as shown in equation A.2.2 [8]:
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D, =€’D (A.2.2)

A generalized form of the Thiele modulus {erms of the observable variables) proposed by

Weisz and Prater [38] is shown in equation A.2.3.

F=FR 4G (A.2.3)
DeffCHC dt

dC : .
Where d}t_{c is the global average reaction rate a@l.is the bulk hydrocarbon

concentration. If the reaction rate occurs according to first order reaction kinetics, the

observable Thiele modulus can be written as equation A.2.4.

F =h? (A24)

The effectiveness factdi?) was evaluated as a function Bf and F, as discussed by
Carberry [31].
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Partial contribution

In the Chapter 4, the fugal biocatalyst was used to degrade a hydrocarbon blend
(hexadecanphenanthreng@yrene, 100:1:1 w/w/w) in the airlift bioreactor, this chapter was
focused on the catalytic performance characterization. All mass transfer resistances,
bi ocat e&hydsosabod ssorption capacity and degradation kinetics were
phenomenologicallgvaluated. The effectiveness factor was experimentally evaluated, as a
functionof the Thiele modulusn orderto determine the diffusional mass transfer resistances
into the biocatalst poregFigure 8) Concomitantn emulsifier protein was produced during

the hydrocarbon degradation as a consequence of the electric field pretreatment. The
emulsifier proteinvasrelated to the nss transfer diminishment and modifiegdrocabon

uptake mechanismsSo that, a functional characterization was necessary to know the

applicability of the emulsifier protein into environmental engineering topics.
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Abstract

Bioemulsifier compoundsan enhance the bioremediatioefficiency in contaminated
environments.An emulsifier protein was produced and easily separated from oil
contaminated water as cheap substvaten A. brasiliensis(formerly Aspergillus nigr),
pretreated with an electric field, was used in an airlift bioreactor. The hydrocarbons
emulsifier protein was 19.5 % of the total protein produced in the liquid culture, and its
purification enhanced 7 times the specific emulsifying activity, andntieefacial surface

area was increased from 1047 to 84008 its emulsifying activity (EA) was measured using
polycyclic aromatic hydrocarbons in a blend with hexadecane (1:1 w/w), which was 2.79
fold higher than sole hexadecane. The influence of opastmonditions such as pH and

salt concentration on the EA were assessed to characterize the emulsions stability. Alkaline
environments (pH-11) enhanced 19% the EA that was not affected by the presence of salt
(0-35 g L'1). On the other hand, preheatithge emulsifier protein samples (60°C) enhanced
2.5 times the EA. Based on EA, this emulsifier protein can be applied as bioremediation

enhancer in contaminated soils.

Keywords: Aspergillus brasiliensis (niger), emulsifier protein, electrochemical
pretreatnent, airlift bioreactor, stability of emulsifying activity.
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5.1.Introduction
Emulsions are multiphasic systems in which oil phase droplets are suspended in continuum
water phase (oil in water); or vice versa, water in oil [1]. Since emulsions are
thermodynanically unstable systems, adsorption of surface active compounds (emulsifiers)
on the liquidliquid interface is necessary to stabilize it [2]. Emulsifiers could be produced
by chemical synthesis or microbial metabolism (BioemulsifieBsdemulsifiers extbit
some advantages on the chemical synthetized, such as lower toxicity and higher
biodegradability [3]. Bioemulsifiers are considered versatile chemical compounds, which can
be used in different industrial applications, they are most often proposeel fretitoleum
industry as extraction process enhancers [4] and environmental such as bioremediation of
contaminated soil or water, due to their abilitgéainterthe high viscosity and low solubility
of hydrocarbons [5,6]. However, surrounding conditionshsas pH, temperature or salt
concentration can diminish the bioemulsifier surface activity [1]; thus, they would be

evaluated before any application proposal.

Bioemulsifiers production and application for environmental proposes are limited by high

costs of biosynthesis and downstream separation and purification [7]. The appropriate
approach for downstream depends on the nature of substrates and secretedtahinsygh

A good option to easily recover a bioemulsifier or biosurfactant could be a foam recovery

technique, such as previously reported [9].

Proteins with high surface activity, as bioeniigss, have particular properties that
distinguish them fronother surfactant compounds; they can form a thin membrane that is
resistant to rupture, stabilizing the droplets and avoiding their coalescence. The droplets size
measurement is a useful tool to determine the extended interfacial surface area atavell as t
emulsifying activity, as early reported [1Blamentous fungi can produce a group of small
proteins with highest observed surface activity (surfactant, emulsifier and solid wettability
interchanger), denominated hydrophobins [1,11]. Hydrophobingeldcm the cell surface,

they have a defined biological role related to hydrophobic substrates uptake; although
hydrophobins are good option for oil removal from contaminated water [12] their use, as
bioemulsifier, is limited due to the lack of knowledge the industrial application [13].
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Aspergillus brasiliensigformerly niger) acquiredsome physiological modifications after an
electrochemical pretreatment on the fungal biomasg, A. brasiliensis gets better
hydrocarbon degrader capability producargemulsifier protein (EP) when it is transferred

to a subsequent liquid culture in an airlift bioreactor (ALB) [14]. The produced EP seems to
be a good option to enhance the bioremediation efficiency, which could have higher surface
activity than other lmemulsifier such as emulsan, alasan, biodispersan, protein complex,
among others reported for hydrocarbon bioremediation [6]; due to the EP evaluated in this
work is a subproduct directly synthetized from the hydrocarbons degradation using the
wastewater & cheap substrate as recently reported. [H®wever, surrounding aqueous
solution composition €.g. pH or salt concentration) and environmental stresseg. (
temperature changes) can modify the emulsion stabilizing capabilities [1]; so that, a further
EP surface activity characterization is needed in order to clarify on the possible petroleum
mobilization applications. Thus, this work was aimed at the functional characterization of an
unknown EP surface activity for a laboratory downstream separatiorpanification
procedure. The EP was produced Aybrasiliensisin liquid culture with a hydrophobic
substrate, after an electrochemical pretreatment in solid state culture. The characterization
included surface activity measurement regarding (i) puritgdgs in a downstream
procedure, (ii) several hydrophobic phases for oil in water emulsions formation and (iii)

environmental conditions (pH, temperature, and salty media).
5.2.Materials and Methods

5.2.1. Microorganism
The strain wag\spergillus brasiliensigformely niger) ATCC 9642, propagated in flasks
with 50 mL of potato dextrose agar (PDA). It was seeded by groove and maintained for 7
days at 30°C. Spores were harvested using 0.1% Tween 80 and the spore suspension was
used as inoculum to fungal growth. Theastrwas stored on PDA slants at 4°C, reseeded

every 2 months.

5.2.2. Fungal growth conditions
Aspergillus Iasiliensis was produced by solid state culture (SSC) using a horizontal
cilindrical electrochemical bioreactor with a working volume of 450suth as préously

reported [1§ During fungal growth, a controlled electric field was imposed. The
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electrochemical bioreactor was provided with two electrodes (built of titanium coated with
ruthenium oxide with a contact surface of 14.13 cm2), and two reservottefelectrolyte

(0.1 M KH2PO4) at the extremes. After spores germination (4.5 d) an electric current of 6
mA was applied for 24 h. Afterwards, growth was allowed to continue up to the end of culture
(12 d) Hereatfter, this will be referred to as the &lechemical pretreatment. At the end of
SSC attached. brasiliensiswas transferred to a subsequent liquid culture using an airlift

bioreactor.

5.2.3. Airlift bioreactor conditions
A cylindrical glass airlift bioreactor, such as early reportet], [vas used wit 5 g L of
attachedA. brasiliensis The total protein concentration in liquid culture was measured every
6 h during 48 h. The mineral medium (MM) was composed (in mjgof: NaNGs, 357.5;
KH2PQy, 5.9; MgSQ, 30.3; KClI, 51.4; trace element solution, 2 h1?,

5.2.4. Analytical methods

5.2.4.1Emulsifier protein extraction and quantification
In order to quantify the total protein production, a foam breaker device was installed into the
ALB as shown in Figure 1 (the total protdiept dissolved into the liquid mediumin
aliquoted of culture (1 mL) was centrifuged (6000 x g; 10 min), protein was measured in the

supernatant by Bradford method’[1

65



Figure 1. Airlift bioreactor arrangement. Image shows the bioreactor body (1), gas diffuser (2),
pressure and gas flowrate control (3), temperature control (4) and foam breaker (5).

Emulsifier protein production was extracted according to the method used by Vigueras
Ramirezet al. [18] for extraction of hydrophobitike proteins. The foam breaker was
removed and the generated foam in the ALB was recovered and suspended in distilled water.
An aliquoted of suspension was centrifug@é®00 x g, 10 min). Insoluble fraction was
suspended in 2% SDS dissolved in FHIEL buffer (0.1 M, pH 9, 2 h); then thersple was
centrifuged (7740 x g, 4 °C, 10 min), the soluble fraction was mixed with 2 M KCI (1:4) to
precipitate SDS and discard after centrifugation (7500 x g, 4 °C, 10 min); the insoluble
fraction was suspended in concentrated formic acid (FA) and sexhitteee times during 30

s in cold water, the soluble fractiaras separated by centrifugation (7500 x g, 4 °C, 10 min),
then it was neutralized with 45% (w/v) NaOH to pH 7 and kept during 12 h at 4°C. All

supernatants were stored (4°C) fiarther emulsiying activity determination.

5.2.4.2.Surface activity characterization
Two methods were used to charactetize protein surfacactivity: (i) emulsifying activity

and (ii) extended interfacial surface area.

The emulsifying activity was determined by turbidinyetiThe generated foam in the ALB

was collected and suspended in distilled water. A method based on reported by Ratenberg
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al. [19] was used to measuring the emulsifying activiybrief: 30nL of suspended foam

and 10nL of oil phase were added to B.L of 0.1M TrisHCI (pH 7); the mixture was
vortexed (3000 rpm, 2 min) then, it was allowed to stand during 5 min and optical density
was measured (600 nm) using a Cary 50, Varian, Australia. A difference of 0.1 absorbance
unity in the mixture, with resget to a control (MM without EP) was considered one
emulsifying activity unity (U). Specific emulsifying activity per milligram of protein was
reported (U mg). The emulsifying activity was determined using 5 hydrocarbon samples: I,
HXD; Il, diesel; 11, 1% w/v pyrene and 1% phenanthrene dissolved in HXD; IV, a blend
composed by HXD and-éhethyl naphthalene (1:1) and V, 1% phenanthrene and 1% pyrene
dissolved in blend IV.

Extended interfacial surface area was determined measuring the droplets diameter in
emulsion. A Mastersizer 2000, Malvern, UK, was used to measure the Sauter mean diameter

(Ds2) and the extended interfacial surface area was estimated as follows:

Qe =

32

Lo Qo
Sifs
|- OO

Wherea,. is the interfacial surface area (reported &3 amd, is the hydrocarbon dispersed

phase fraction (dimensionless).

5.2.5. Statistical analysis
All cultures were carried out in duplicate and all measurements were carried out in triplicate.

Experimental data we compared using ANOVA and the Tukey testJ0.05).
5.3Results and discussion

5.3.1. Bioemulsifier production
Figure 2a shows thatA. brasiliensis previously electrochemically treated, was able to
produce the EP from early times, in the airlift bioreactor BAduring HXD consumption,
reaching a maximal concentration at 18 h£0.62 mg mL?), which was maintained during
subsequent 18 h; finally, protein was probably partway degraded. Otherwise, the negative
control (A. brasiliensiswithout electrochemical pretreatment; Figure) produced less

protein reaching the maximum concentration (@881 mg mL') at 36 h,i.e. average
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protein production rate using the pretreatdbrasiliensiswas 3 foldhigher than the
negative control. Bulsion and foam were only produced in the airlift bioreactor (ALB)
during HXD consumption byA. brasiliensis previously electrochemically treated. Since
52.%0.3% of the foam dry weight was protein, it was considered to quantify the
bioemulsifier produdbn. A similar result was observed by Hosseiral [20], they observed

a protein production enhanced two times by an electric currelfi (BA) application during

the Fusarium oxisporungrowth in liquid culture; however, they applied the electric curren
into the same liquid culture that protein was produced. In contrast, in this work the electric
current was applied in a solid state culture, which was independent to the liquid ALB where

EP was produced.
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Figure 2. Total soluble protein production in the airlift bioreactor by the electric field pretreated (a,
filled symbols) and untreated (b, open symb@alspergillus brasiliensisusing hexadecane as a
carbon source.

The bioemulsifier could be, hypothelly: (i) a metabolic product wheA. brasiliensis
degraded hydrocarbons as reported for bioemulsifier producer bacterial consortium [21] or
(i) a product of the environmental change. when the fungus was transferred from the
electrochemical bioreactésolid state culture) to the ALB (liquid culturéhe cytoplasmatic

proteinscould be excreted due émhance mmbrane permeability promoted by the eleatric
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pretreatmentas recently reported [22]; if so, the same EP production level should be
observedndependently of the supplied carbon source (hydrophobic or hydrophilic) in the
ALB, suggesting damage in the fungal biomass.rdjectdamage inA. brasiliensis two

similar experiments (see Figure 3) were carried out as controls: (i) with glucoséas car
source and (ii) without carbon source; both were compared with and without the
electrochemical pretreatment. When glucose was used as carbon source, the EP was not
produced in the ALB using pretreatddbrasiliensisWhenA. brasiliensisvas used witbut
electrochemical pretreatment, the total protein production was@@4 mg mL! at 36 h,

total protein production using glucose was an order of magnitude lower than using HXD.
Also, neither emulsion nor foam was observed. When the experiment widtbohcource

was carried out, a basal protein concentration (8.02005 mg mt') was observed during

all culture time (48 h). This result demonstrates that the fungal biomass was maintained
without damage after the electrochemical pretreatment; moreiovarsubsequent airlift
liquid culture, protein productionvas probablyregulated by the fungal physiological

response to the presence of different carbon sources.
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Figurel. Total protein production in the airlift bioreactor by the electric field pretreated (filled
symbols) and untreated (open symbdispergillus brasiliensisusing glucose as carbon source.

So far,the pretreatedA. brasiliensiscan produce a bioemulsifien an ALB, only in the

presence of HXD as carbon source which was a hydrophobic substrate and the possible
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inductor of the EP production. Filamentous fungi produce small proteins named
hydrophobins with specific biological role [28,g, up taking a hgrophobic substrate like

gas oxygen or hydrocarbons, as in this work. Hydrophobins are the proteins which have the
highest known surface activity, as either foam and emulsion stabilizers [1]. In this work, the
EP seemed to be a good emulsion stabilizeenTh was necessary to know its EA

guantitatively.

An important characteristic in emulsion stabilization is the adsorption of emulsifier at the
liquid-liquid interface [24,25] so that, interactions between the different phases (adsorbent)
and the bioemul§er (adsorbate) can be determined by their affinity. To evaluate the affinity
between the EP and the organic phase, emulsifying activity was measured using five different
hydrocarbons, pure HXD, arilddlends. Figure 4 shows that the specific activity wageki

when the organic phase is a sole aliphatic hydrocarbon such as HXD or a mixture rich in
aliphatic such as diesel (I and II, Figure 4). Diesel is a blend of aliphatics with low HAPs
concentration (up to 340 mg'mainly phenanthrene) [26]. When HXDag/saturated with

1% w/v phenanthrene and pyrene the average emulsifying activity was enhanced 19% (not
significantly) concerning the pure HXD. On the other hand, when bioemulsifier was in the
presence of a blend with 50 %w/wn&ethylnaphthalene (VI and \Figure 5), the
emulsifying activity was Z9 fold-higher tharpure HXD; on the other hand, blend V was

not significantly different to IV, but the measurements had lower variat@imdar results

were observed by Rosenbextgal.[19] using a bacterialraulsifier. This result suggests that

the affinity of EP is higher to HAP than aliphatic hydrocarbons. The next step was to evaluate
the emulsifying activity as a function of the downstream procedure steps for separation and

purification.
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Figure2. Emulsifying activity of emulsifier extract in front of different hydrocarbons blend: (1)
hexadecane, (lIl) diesel, (1) 1% phenanthrene and 1% pyrene dissolved in hexadecane, (IV)
hexadecan@methyl naphthalene (1:1 v/v) and (V) 1% pyeathissolved in mixture 1V. Different
letters on histograms indicate significant differences (ANOVA, Tukey; p<0.05).

5.3.2. Emulsifier extraction and purification
To assess the EP emulsifying activity, an adequate extraction/separation procedure is needed.
Foamcollecting seems to be an economic and simple downstream procedure to concentrate
the bioemulsifier [27]. Protein concentration in the generated foam was 20idbler than
liquid phase into the ALB. The selected procedure for purification was based on a
hydrophobin purification method [18T he purification procedure used in this work has
usually been focused on proteomic analysis and characterized regarding yields and specific
surface activity obtained in each purification step [18,28{his work, ithas been evaluated
as a possible downstream process for emulsifier protein separation and purification, based on

the EA In that context the purification process needs to be characterized
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Figure 5. Recovery of emulsifier protein during each separatidrpurification steps (a) and
emulsifying activity quantification (b) using hexadecane (black), 1% phenanthrene and 1% pyrene
dissolved in hexadecane (grey) and hexade2amethyl naphthalene (1.1 v/v, white).

The 96.2 % of total protein was recoveredhe first purification stepobserving a water
insoluble fraction with activity 1.5 foltigher than solubléFigure 5 a) In the second
purification step (2% SDS) 80% of insoluble protein was recové&iedlly, the FA soluble
fraction was 19.5 % of totarotein (Figure 5a)According to the purification procedure, the
expected emulsifying activity should be enhanced in each purification step based on each
hydrophobin class [28]. Figure 5b shows that ¢heulsifying activity in the FA soluble
fraction wa 7 foldhigher than emulsifying activity of the total protgthis is characteristic

of class | hydrophobins [11plthough several positive characteristics have been observed in
laboratory scale, its use is very limited due to the lack of knowledgedstrial production

[13]. Therefore, there is a need to evaluate the effectiveness of purification procedure based
on the emulsifying activity on hydrocarbons and the evaluation of key factors that affect the
EA, such as pH, temperature and salt conaeéntr. The functionality of the emulsifier
protein was easily measured as emulsifying activity resulting in an extended interfacial

surface area.

5.3.3. Extended interfacial Surface area as emulsifying activity
The interfacial surface areac in the emulsiond the result of EP adsorption on the liguid
liquid interface; its magnitude depends on the purity grade of th& #ePEP content in the
collected foam stabilizes an emulsion with a bimodal distribution Sauter mean diameter
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droplets (22.2.9 nm), resultig in an extended interfacial surface area of 1047@n the

other hand, the purified EP was able to stabilize an emulsion with a Sauter mean diameter of
1.2mm, resulting in an extended interfacial surface area of 84b0Here the question was:

why puifying? Depending on the final customer or industrial application, a downstream
process from separated foam, rich in EP, would be unnecessgrjhydrocarbon
mobilization for remediation or enhanced oil recovery. Thus, this paper proposes a practical
and staightforward method to produce, in bioreactors, a bioemulsifier able to mobilizing
hydrocarbons in contaminated environments as a bioremedegem similarly to early

report [29]. To complete the characterization of EP, its stability under different operational

conditions is needed to propose EP as remediation enhancers.

5.3.4. On the emulsifier protein stability
The stability of the EP and its emdsng activity is a crucial parameter for elucidate the
applicability on environmental remediation purposes. So, the EA was evaluated under
extreme conditions of pH, temperature and salinity. Figareshows that acidic pH was
unfavourable for the emulsifyg activity. At pH 9 the emulsifying activity was the highest
observed. This could be related to the folding state of the EP as well as the protein net charge.
Wierengaet al. [30] found that pH is thermodynamically related to the surface activity.
Nearbythe isoelectric point, there is a low energy barrier to interfacial adsorption, resulting

in a high surface activity.

The temperature effect on the emulsifying activity was determined by sample preheating;
results are in the Figu@b. When bioemulsifiewas preheatedip to 92 °Cjts emulsifying
activity was enhanced, 60 °C preheating was the highest assayed treatment {#dhéold

than not preheated). Panal [31] reported that adsorption of protein on hydrophobic surface
involves a reversible fding-unfolding step. In our case, the preheating could reversibly
unfold the protein facilitating its adsorption on hydrocarbon, enhancing its emulsifying
activity. However, unfolding could be due to preheating and/or another surrounding chemical

compound such as pH or salt presence.

The stability of the emulsifying activity in salinity conditions is shown in the Figarén
apparent diminishment of the emulsifying activity was found; however, in the assayed

concentration range differences were nohifigant, this range was specified to mimic the
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salinity in sea water. The salt concentration is important physicochemical parameter due to
counterions can adsorb by ieion interactions altering the emulsifying activity [BP
obtained in separated fosshowed aremulsifying activitywith high versatilityin different
operational conditions dkaline environments and preheating samples enhanced the

emulsifying activity.
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Figure6. Variations of emulsifying activity in different environmental conditions of pH (a),
temperature opreheating (b) and salinity (different lettersndicate significant differences
(ANOVA, Tukey; p<0.05).

Conclusions

The method proposed in this wWdior emulsifier protein production is simple and practical
for environmental bioremediation propos@s.electrochemical pretreatment Aspergillus
brasiliensispromoted the capability to produce an emulsifier protein in a subsdaqnedt
airlift culture. Emulsifier proteinproduction was observed only in the presence of HXD as a
hydrophobic substratdeing19.5 % of the total protein produced in the liquid culture; after
purification, its specific emulsifying activity enhanced 7 timEsis emulsifierhad higher
affinity for polycyclic aromatic hydrocarbons than aliphatitmulsifying activity was
enhanced in alkaline media and by preheating the emulsifier protein samples. The salinity in
the liquid medium did not affect the emulsifying activitjhe dfferent resultsobtained in

this work suggest that the emulsifier protein was a hydrophtkénprotein; however, a
further proteomic and secretomic analysis Aof brasiliensisis needed to identify the

bioemulsifier.
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Partial contribution

Chapter 4shows the role of aemulsifier agent on the hydrocarbon degradation and makes
evident the need tiis functional characteriation The pretreated biocatalyst was able to
produce an emulsifier protein in a liquid airlift cultufédeemulsifier proteinproduction was
observedonly after the electrochemical pretreatmentthe presence of a hydrophobic
substratesuch as hydrocarbon¥he emulsifier proteirwas able to stabilize oil in water
emulsions using different hydrocarbon blends, observing emulsifying activity values in the
presence of polycyclic aromatic hydrocarbons a 2.79-Higter thansolely aliphatic.
Emulsifying activity was enhanced in alkai environments anay preheatingsgamplesThe
salinity in the liquid medium did not affect the emulsifying activity. The bioemulsifier protein
was 19.5 % of the total protein produced in the liquiducal and purification enhanced
seventimes its emuldying activity. Our Results suggest that the emulsifier protein was a
hydrophobin; however, a further analysis on proteomic and secretoriichoasiliensiss

needed in order tproteinidentification
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General discussioras a run-down
In this workafungal whole cell biocatalyst is proposed as hydrocarbon contaminated water
remediation role. Biocatalyst is a good sorb@egrader of aliphatic and polycyclic aromatics
hydrocarbons, solely and in blend. With respect to the hydrocarbon degradatiordinablen
phenomenological analysis in the multiphasic airlift bioreactor (lijgidd-gasporous
solid with attached fungal biomasags performedResults can be summarizeding a
regimen analysisechnique in which we can observe the characteristic timiesach step
during hydrocarbons degradation. Siri@eapter 4shows that hydrocarbons mass transfer
into the biocatalyst are the main limitation, the characteristic ti)eggtenormalized based

on the hydrocarbon effective diffusivity (see Table A).

Table A.Estimated kinetic parametemad characteristic times related to each step involved in
hydrocarbon degradation in the airlift bioreactor.

Characteristic
Parameter times
k. &, 2.6 x 10?51 37.0s
K 3o 1.6 x10* st 1.6h
K. Bore 4.7 x 108 st 59.0h
K 3bvr 2.6x10°s! 107.0h
Untreated BC
Det.  1.36x 10° cns? 5.8h
Kixo 6.13x 103s? 2.7 min
Kore 2.02x 105s? 13.0h
Kovr 8.2x 108 st 33.0h
k &, 3.5x 1% s? 28.0s
K axo 4.4 x 103 st 3.8 min
K. 3oe 1.2 x10%s? 2.3h
K 3vr 1.2 x 10¢s? 2.2h
Pretreated BC
Deti.  1.85x 108 cnis? 4.2h
Kixo 1.4%x 10%s? 1.1 min
Kore 59x 10°s? 3.0h
Kpvr 3.6 x105 s 6.5 h
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It can beobservedhat interfacial mass transfer characteristic times decreassshdtwo

orders of magnitude for hydrocarbons,the formed emulsion improved the interfacial mass
transfer, then the apparent concentration of hydrocarbon into the biocatalyst was enhanced,
promoting a faster hydrocarbon degradation, with an effectiveness factor close to unity for
all three hydrocarban The first order kinetic parameters for hydrocarbon degradation
decreased to 40, 21 and 19% for HXD, PHE and PYR, respectively, when the emulsifier
protein was produced@he effective diffusivity and these characteristic times values natre
significanty modified by the emulsifier presence; howewvée accuracy of the estimation
method was not enouglm general, Chapter 4 providaselecte®ngineering parameters set

for design and scale up of airlift bioreactors for oil contaminated water treatment.

On the other hand, hydrocarbons uptakechanismavere modified after electric field
pretreatment. Surface changes on BC improved the hydrocarbon degradation by direct
contact, mainly for pyrenejuring the first hours of culture time; then, dominant kpta
mechanism became via emulsified hydrocarb&@sce the emulsifier protein have high
emulsifier activity, which was stable on wide pH, temperature and salinity ranges)dt

be applied intseveral environmental and industrial application
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Concludons
Aspergillus brasiliensisttached to perlite acts afungal whole cell biocatalyst, able to
degrade an aliphatigolycyclic aromatic hydrocarbons blerfh electric fieldpretreatment
onthe biocatalysas amethod to enhancesitydrocarbon degrader activity was relevant for

hexadecane, phenanthrene and pyrenggimd.

The electric fieldoretreatment promoted surface changes on the biocatalyst improving both,
biomass attachment strength and hydrocarbon sorption cagdutypocatalyst affinity for
hydrocarbon after the electric field pretreatment enhanced in an order of magmity dhe

enhancement was highest for pyrene followed by phenanthrene and lowest for hexadecane.

The biocatalyst was able to produce an emulsgreteinthat was related with a modified
hydrocarbon uptake mechanisiie emulsifier protein was produced only after the electric
field pretreatment, in the presence of a hydrophobic subsiitaéeemulsifying activity was
higher in the presence of polydic aromatic hydrocarbons in blend thswmiely aliphatic

The emulsifying activity was stable in salty medium and improved in alkalggiaor by

preheatingsampleup to 92 °C

Surfacechange®n the biocatalyst and the produced emulsifier protein vedaied to a non
specifichydrocarbon degradation diminishing thass transfer limitatiamboth internal and
externali.e. the pretreated biocatalyst was able to degrade all three assayed hydrocarbons in

blend with an effectiveness factor close to unity.
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Perspectivesand recommendations

In this thesis, a phenomenological analysis was developed for hydrocarbons degradation by
a fungal whole cell biocatalyst. It was demonstrated that hydrocarbon degradation after an
electric field pretreatent wason-specific, with lowemass transfer resistances. This would
allow to achieve a kinetic study focused merforming a mechanistic intrinsic model. The
intrinsic kineticsstudycould be a useful tool tdentify thepossible metabolic modificatign
assocated tathe electric field pretreatmente. some enzymatic reactions accelerated by the
pretreatment. Alsothe intrinsic kinetics study can be experimentally accomplished by a

proteomic and metabolomic analy&isused on bioreactor design and scale up.

The emulsifier protein, hypothetically a hydrophobin, observed in the airlift bioreactor was
an essential element for hydrocarbon degradaEurthermore,tiis important togperforma
chemical identification, based on proteomic tools. Hydrophobi#sdrgillus brasiliensis

produdion from contaminated water could be an economically interesting process.

On the other hand, the solid state bioreactor is currently not optimized. A gHragal

growth gradient ws observed during the electric field applioa, which could be an
operational problerfor scale up purposes.i$ important to find another configuratibased

on scalable dimensionless parameters, diminishing the heterogeneity in the solid state culture

associated to the electric field applicati
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