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ESTRATÉGIAS PARA ESTIMULAR A BIORREMEDIAÇÃO DE HIDROCARBONETOS 
 

RESUMO 
A contaminação ambiental por hidrocarbonetos constitui um grave problema, que requer o desenvolvimento de 

novas soluções para proteger e restaurar os ecossistemas. Técnicas de biorremediação têm sido descritas e 

incentivadas como abordagens eficientes e ecológicas. Neste trabalho, diferentes estratégias foram testadas 

para estimular a biorremediação de hidrocarbonetos, explorando vias aeróbias e anaeróbias de degradação.  

Corksorb, um biosorvente à base de cortiça utilizado em derrames de petróleo, promoveu o crescimento e a 

atividade de bactérias aeróbias hidrocarbonoclásticas. Na presença de corksorb, a degradação de alcanos por 

Rhodococcus opacus B4 foi mais elevada, i.e., 96±1 % relativamente a 88±3 % na ausência do biosorvente. 

Para Alcanivorax borkumensis SK2, o crescimento em alcanos foi 1,5 vezes maior nos ensaios com corksorb, 

e 72±2 % dos alcanos foram biodegradados, enquanto que na sua ausência a degradação foi de 47±2 %. Análise 

trascriptómica revelou um aumento da expressão genética para rRNA e tRNA, confirmando a maior atividade 

metabólica da A. borkumensis SK2 na presença de corksorb. Imagens de microscopia eletrónica de varrimento 

e menor expressão de genes que codificam para a formaçães de pili sugerem que a fixação das células ao 

corksorb foi determinante para o aumento da atividade. A existência de bactérias nativas degradadoras de 

alcanos no corksorb foi revelada. Assim, o uso de corksorb pode induzir um efeito combinado de sorção e 

estímulo da biodegradação, com elevado potencial na biorremediação in situ. 

A biodegradação anaeróbia de hidrocarbonetos é geralmente um processo lento. Nanomateriais condutores 

foram testados para acelerar a conversão de hidrocarbonetos a metano, nomeadamente nanotubos de carbono 

(CNT), CNT impregnados com 2 % de ferro (CNT@Fe) ou magnetite (MG). Quando se utilizou um sedimento 

ribeirinho recentemente contaminado com óleos como inóculo e fonte de carbono, o teor de hidrocarbonetos 

não se alterou significativamente ao longo do tempo, em todas as condições testadas, apontando para a 

ausência de atividade degradadora de hidrocarbonetos no sedimento. No entanto, a produção cumulativa de 

metano foi 10,2 e 4,5 vezes maior nos ensaios com CNT@Fe e CNT, respetivamente, quando comparada com 

os ensaios realizados sem nanomateriais, mostrando um efeito estimulador destes na degradação da matéria 

orgânica natural. Numa segunda experiência, 1-hexadeceno foi convertido a metano em quantidades quasi-

estequiométricas, mas não houve estímulo pelos nanomateriais, possivelmente devido à incapacidade dos 

microrganismos para receberem/transferirem eletrões para os materiais. 

Globalmente, esta tese traz informação importante sobre o potencial de aplicação de um biosorvente (Corksorb) 

e de nanomateriais condutores na conversão aeróbia e anaeróbia de hidrocarbonetos, com vista à 

biorremediação in situ e ex situ de matrizes ambientais contaminadas ou resíduos oleosos. Estudos adicionais 

e investimento na investigação são necessários nesta área, para projetar e desenvolver novas estratégias de 

estímulo da biorremediação, uma vez que a recuperação de áreas poluídas por processos naturais é geralmente 

difícil, e o mundo tem urgência em encontrar soluções para a descontaminação de derrames de petróleo. 

Palavras-chave: Hidrocarbonetos, biorremediação, corksorb, nanomateriais condutores. 
  



vi  

STRATEGIES FOR ENHANCING HYDROCARBONS BIOREMEDIATION 
 

ABSTRACT 
Environmental contamination with hydrocarbons is a major problem that requires attention, in order to obtain 

novel solutions to protect and restore ecosystems. Bioremediation techniques have been described and 

empower as efficient and environmental friendly approaches in remediation processes. In this research, different 

strategies were tested for enhancing bioremediation of hydrocarbon-polluted environments, exploiting both 

aerobic and anaerobic degradation pathways.  

Corksorb, a cork-based biosorbent used in oil spills, was shown to promote the growth and activity of 

hydrocarbonoclastic bacteria. In the presence of corksorb, alkane degradation by Rhodococcus opacus B4 was 

enhanced, i.e. 96±1 % relatively to 88±3 % in the absence of the biosorbent. For Alcanivorax borkumensis SK2, 

growth in alkanes was 1,5 times higher in the presence of corksorb, and 71.6±1.9 % of the added alkanes were 

degraded, while in its absence only 47.3±1,5 % was converted. Transcriptomics analysis revealed an increased 

expression of rRNA and tRNA coding genes, which confirms the higher metabolic activity of A. borkumensis SK2 

in the presence of corksorb. Scanning electron microscopy images and downregulation of pili formation coding 

genes, which are involved in cell mobility, suggest that cell attachment on corksorb is a determinant for the 

improved activity. The existence of native alkane-degrading bacteria in corksorb was revealed, which may assist 

in situ bioremediation. Hence, the use of corksorb in marine oil spills may induce a combined effect of sorption 

and stimulated biodegradation, with high potential for accelerating in situ bioremediation processes. 

In anoxic environments, anaerobic hydrocarbons biodegradation is generally a slow process. Conductive 

nanomaterials were tested to enhance hydrocarbons conversion to methane, namely carbon nanotubes (CNT), 

carbon nanotubes impregnated with 2 % iron (CNT@Fe) or magnetite (MG). When river sediments recently 

contaminated with oil were used as inoculum and also as carbon source, total petroleum hydrocarbons did not 

change significantly over time in all the conditions tested, thus pointing to the absence of hydrocarbon-degrading 

activity in the sediments. Nevertheless, cumulative methane production was 10,2 and 4,5 times higher in the 

assays with CNT@Fe and CNT, respectively, than in the assays without nanomaterials, showing a stimulatory 

effect in the degradation of the natural organic matter. In a second experiment, 1-hexadecene was converted to 

methane at close-to-stoichiometric amounts, but this process was not stimulated by the nanomaterials, possibly 

due to the inability of the microorganisms to receive/transfer electrons to the materials.  

Overall, this work gave important insights on the potential application of a biosorbent (Corksorb) and conductive 

nanomaterials on hydrocarbons conversion under aerobic or anaerobic conditions, for in situ and ex situ 

bioremediation of environmental contaminated matrixes, as well as petroleum-based oily wastes. More studies 

and research investments are required in these study fields to design and develop new strategies for enhanced 

hydrocarbons bioremediation, as the recovery of polluted areas by natural processes is generally difficult, and 

the world urges in finding solutions for oil spills decontamination. 

Keywords: Hydrocarbons, bioremediation, corksorb, conductive nanomaterials. 
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“Cominciate col fare il necessario, poi ciò che è possibile e all’improvviso  
vi sorprenderete a fare l’impossibile.” 

San Francesco d’Assisi 



viii  

Table of Contents  

 

Acknowledgments ……………………………………………………………..…………………………………….….iii 

Resumo …………………………………………………………….……………………………………………………….v 

Abstract  ………………………..………………….....……………………………………………………………………vi 

Table of Contents ……………………………………………………………………………………………………….viii 

List of Figures ……………………………………………………………………………………………………………..xi 

List of Tables …………………………………………………………………………………………………………….xiv 

Abbreviations ……………………………………………………………………………………………………………..xv 

 

 

Chapter I - Context, Aim and Thesis Outline ………………………………….………16 

1.1. General introduction …………………………………………………………………………………………….17 

1.2 Aim and thesis outline …………………………………………………………………………………………..19 

 

 

Chapter II - Fundamentals of Hydrocarbons (bio)Remediation ……………..21 

2.1. Introduction ………………………………………………………………………………………………………..22 

2.2. Oil spills logistic processes …………………………………………………………………………………….23 

2.3. Remediation strategies …………………………………………………………………………………………25 

2.3.1. Physical processes ………………………………………...………………………………………25 

2.3.2. Chemical processes ……………………………………………………………………………….27 

2.3.3. Biological processes (bioremediation) ………………………………………………………..28 

2.3.4. Hydrocarbons degradation by aerobic microorganisms …………………………………29 

2.3.5. Hydrocarbons degradation by anaerobic microorganisms ………………………………32 

 

 

Chapter III - Corksorb Enhances Alkane Degradation by 

Hydrocarbonoclastic Bacteria ………………………………………………..……………..35 

 

Abstract  ……………………………………………………………………………………………………………………36 



ix  

3.1. Introduction ……..………………………………………………………………………………………………...37 

3.2. Materials and methods ……………………………………………………………………………….………..39 

3.2.1. Biosorbent …………………………..……………………………………………………………….39 

3.2.2. Bacterial strains and growth conditions ………………………………………………………43 

3.2.3. Preparation of seed cultures …………………………………………………………………….43 

 3.2.4. Experiment 1 - effect of corksorb on growth and alkane degradation by 

hydrocarbonoclastic bacteria ………………………..………………………………………………………………41 

 3.2.5. Experiment 2 - assessment of potential stimulation of A. borkumensis SK2 by 

soluble compounds from corksorb ………………………………………………………………………43 

3.2.6. Effect of corksorb on differential gene expression and on surface tension of A. 

borkumensis SK2 cultures …………………………………………………………………………………………..43 

3.2.7. Enrichment cultures ……………………………………………………………………………….45 

3.2.8. Analytical methods …………………………………………..…………………………………….45 

3.2.9. DNA extraction and amplification for bacterial community analyses ………………...46 

3.2.10. Transcriptomic analyses ………………………………………………………………………..46 

3.3. Results and Discussion …………………………………………………………………………………………47 

3.3.1. Experiment 1 - effect of corksorb on growth and alkane degradation by 

hydrocarbonoclastic bactéria ……...………………………………………………………………………………..47 

3.3.2. Experiment 2 - assessment of potential stimulation of A. borkumensis SK2 by 

soluble compounds from corksorb ……………………………………………….....……………………………54 

3.3.3. Effect of corksorb on differential gene expression and on surface tension of A. 

borkumensis SK2 cultures …………………………………………………..………………………………………55 

3.3.4. Enrichment of native bacteria present in corksorb ………………………………….……60 

3.4. Conclusions ………….……………………………………………………………………………………………61 

 

 

Chapter IV - Bioremediation of Petroleum-Contaminated Sediments: 

Effect of Conductive Nanomaterials …………………….……………………………....63 

 

Abstract  ……………………………………………………………………………………………………………………64 

4.1. Introduction ……………………………………………………….……………………………………………….65 

4.2. Materials and Methods …………………………………………………………………………………………67 

4.2.1. Sediments sampling ………………………………………………...…………………………….67 



x  

4.2.2. Nanomaterials ………………………………………………………………………………………67 

4.2.3. Culture medium ……………………………………………………………………………………67 

4.2.4. Bioremediation assays ……………………………………………………………………………68 

4.2.5. Analytical methods ………………………………………………………………………………..69 

4.3. Results and Discussion ……………………………………………………………………………………….70 

4.4. Conclusions ………………………………………………………………………………………………………77 

 

 

Chapter V - Microbial Conversion of Oily Wastes to Methane: Effect of 

Conductive Ferric Nanomaterials …………………………………………………………78 

 

Abstract  ………………………………………………………………………………………………………………….79 

5.1. Introduction ………………………………………………………………………………………………………80 

5.2. Materials and Methods ………………………………………………………………………………………..81 

5.2.1. Conductive ferric nanomaterials ……………………………………………………………….81 

5.2.2. Effect of conductive ferric nanomaterials on anaerobic hydrocarbons degradation 

…………………………………………………………………………………………………………………………….…81 

5.2.3. Analytical methods …………………………………………………………………………………83 

5.3. Results and Discussion …….…………………………………………………………………………………..83 

5.4. Conclusions ………………….…………………………………………………………………………………….88 

 

Chapter VI - Final Conclusions and Future Perspectives ………………………89 
 
References …………………………………………..……………………………………..………..92 
 

  

  



xi  

List of figures 
 
Figure 1 - World liquid fuels consumption balance, in million barrels per day, since the first quarter 

of 2016 to the first quarter of 2021, with forecast for the rest of 2022. Adapted from short-term 

energy outlook of U.S. Energy Information Administration  [1]. ……………….…………………………….17 

 

Figure 2 - Presumptive methanogenic degradation of oil, using alkanes as an example, with 

reference to the microorganisms possibly involved in hydrocarbons conversion to methane (adapted 

from [15] [97]). ………………………………………………………………………………………………………….34 

 

Figure 3 - Chromatogram of the compounds extracted from corksorb, 50 times concentrated 

relatively to the assays (a), and chromatogram of the alkanes mixture used in the assays at 100 mg 

L-1 individual concentrations, i.e. 5 times diluted relatively to the assays (b). Undecane (C11) was 

used as internal standard, and its retention time is 5 min.  …………………………………………………39 

 

Figure 4 - Growth curves of R. opacus B4 in MS medium with glucose (40 g L-1) (a), and A. 

borkumensis SK2 in ONR7a medium with pyruvate (10 g L-1) (b). ………….…..………………………...41 

 

Figure 5 - Scheme of the experimental procedure applied in experiments 1 and 2. ……..………..44 

 

Figure 6 - Alkane degradation by A. borkumensis SK2 with corksorb (Ab-Alk-CrkS, •) and without 

corksorb (Ab-Alk, Δ). (a) C14, (b) C16, (c) C20 and (d) C24. The results presented are the averages 

and standard deviations for triplicate assays. …………………………………….………………………..…..50 

 

Figure 7 - Growth of A. borkumensis SK2, expressed as TSN concentration, over time in the 

presence and absence of corksorb. In the assay performed without corksorb, the medium used was 

previously in contact with this biosorbent for 150 h, after which it was transferred to the assay flasks. 

……………………………………………………………………………………………………………………………….54 

 

Figure 8 - Scanning electron microscopy (SEM) images of (A) corksorb granule without A. 

borkumensis SK2, 400 µm; (B) corksorb granule surrounded by A. borkumensis SK2 biofilm, 400 

µm; (C) A. borkumensis SK2 biofilm attached to corksorb, 50 µm; (D) A. borkumensis SK2 biofilm 

attached to corksorb, 30 µm; (E) detail of A. borkumensis SK2 biofilm (white arrow on the right) 



xii  

attached to corksorb in the vicinity of a carbonaceous n-alkane plate (white arrow on the left), 100 

µm; and (F) A. borkumensis SK2 biofilm (white arrow on the left) attached to a carbonaceous n-

alkane plate (white arrow on the right), 50 µm. ………………………………….…………………………….57 

 

 Figure 9 - Evolution of surface tension (ST) over time in cultures of A. borkumensis SK2 grown 

with alkanes in the absence (Ab-Alk, Δ) and presence of corksorb (Ab-Alk-CrkS, •). Control assays 

without alkanes (Ab-Alk, ∗) are also shown. Results represent the average of three independent 

experiments ± standard deviation. …………………………..…………………………………………………….60 

 

Figure 10 - Growth of native bacteria from corksorb in the medium with alkanes …………………….61 

 

Figure 11 - Contaminated sediments in Granja beach, Vila Nova de Gaia, Northern Portugal. 

Samples were collected few days after the oil spill. ……………………………………………………………67 

 

Figure 12 – Ilustration of the experimental procedure and monitoring parameters performed …..69  

 

Figure 13 - Example of a GC-FID chromatogram of TPH present in the contaminated sediments. 

Peaks at 5 min, 14 min and 56 min correspond to undecane (C11, lower integration limit), 

heptadecane (C17, extraction surrogate) and tetracontane (C40, upper integration limit), 

respectively. ………………………………………………………………………………………………………………71 

 

Figure 14 - ORP values measured in the biological assays in the absence of nanomaterials (W/o 

CNM), and in the presence of CNT or CNT@Fe ……….……………………………………………………….72 

 

Figure 15 - Cumulative methane production (at standard temperature and pressure conditions) in 

the assays performed in the absence of nanomaterials (W/o CNM), and in the presence of MG, CNT 

or CNT@Fe. Measurements in the respective abiotic controls AC-W/o CNM, AC-MG, AC-CNT, AC-

CNT@Fe) are also shown. …………………………………..................................................................72 

 

Figure 16 - GC chromatogram of TPH extracted from 20 g of sludge obtained from a groundwater 

treatment plant performing ex situ bioremediation. Retention time for undecane (C11) and 

tetracontane (C40) are 5 and 50,2 minutes, respectively. ………………………………………………….82 

 



xiii  

Figure 17 - Cumulative methane production in the assays amended with acetate (a) or H2/CO2 (b). 

……………………………………………………………………………………………………………………………….84 

 

Figure 18 - Cumulative methane production in the assays amended with palmitate and in the blank 

assays. For the blanks, the values shown represent the average of all the assays performed (in the 

presence and in the absence of nanomaterials). The vertical dotted line represents the moment of 

second palmitate addition. ……………………………………………………………………………………………85 

 

Figure 19 - Cumulative methane production in the assays amended with 1-hexadecene and in the 

blank assays. For the blanks, the values shown represent the average of all the assays performed 

(in the presence and in the absence of nanomaterials). …………………………………………………….86 

 

Figure 20 - GC chromatograms of TPH extracted from the solid phase of the microcosms amended 

with 1-hexadecene, at the end of the assays: without nanomaterials (A), with magnetite (B), with 

CNT@2%Fe (C) and blank (D). Retention time for undecane (C11) and tetracontane (C40) are 5 and 

50,2 minutes, respectively. The chromatogram of an alkanes’ mixture, containing 1-hexadecene and 

hexadecane at 100 mg L-1 each, was also included, for comparison (E). …………….……………......87 

  

  



xiv  

List of Tables 
 

Table 1 - Summary of the experimental conditions tested. Ro, Rhodococcus opacus B4; Ab, 

Alcanivorax borkumensis SK2; Alk, mixture of alkanes; CrkS, corksorb. * The medium was previously 

in contact with corksorb for 150 h, after which it was transferred (without corksorb) to new sterile 

flasks where the assays were performed. …………………………………………………………………………42 

Table 2 - Selected physicochemical properties of the n-alkanes tested [154]. ……………………….53 

Table 3 - Growth of R. opacus B4 from alkanes, expressed as total suspended nitrogen (TSN) 

concentration, with corksorb (Ro-Alk-CrkS) and without corksorb (Ro-Alk). Control assays without 

alkanes (Ro-Alk) are also shown. .……………………………..……………………………………………………49 

Table 4 - Alkane degradation (%) by A. borkumensis SK2 at the end of the experiment, with corksorb 

(Ab-Alk-CrkS) and without corksorb (Ab-Alk). ………………………………...........................................50 

Table 5 - Growth of A. borkumensis SK2 from alkanes, expressed as total suspended nitrogen (TSN) 

concentration, with corksorb (Ab-Alk-CrkS) and without corksorb (Ab-Alk). Control assays without 

alkanes (Ab-Alk) are also shown. ………………………..……………………………………………………….…51 

Table 6 - Bacterial community composition at the genus level based on 16S rRNA gene sequencing 

by Illumina MiSeq, in the assays Ab-Alk-CrkS, Ab-CrkS and in the enrichment culture CA(2). 

……………………………………………………………………………………………………………………………….53 

Table 7 - List of upregulated genes, annotated as ribosomal RNA, transfer RNA, or related genes 

expressed by Alcanivorax borkumensis SK2 when growing in the presence of corksorb relative to the 

control assay without corksorb. ..………………………………….………………………………………………..56 

Table 8 - List of downregulated genes related to pili formation and respective functional annotation 

obtained when Alcanivorax borkumensis SK2 was incubated in the presence of corksorb relative to 

the control assay without corksorb. …………………………...…………………………………………………..58 

Table 9 - TPH mass retrieved from solid and liquid phase, for all the conditions studied. The sum 

of TPH mass retrieved from solid and liquid phases is also shown when extractions from both phases 

were performed.  ………………………………………………………………………………………………………..75 

Table 10 - Hexadecane mass retrieved from solid and liquid phase, for all the conditions studied. 

The sum of hexadecane mass retrieved from solid and liquid phases is also shown when extractions 

from both phases were performed. ………………………………………………………………………………..76 

 
 



xv  

Abbreviations 
 
 
 

BTEX 
C14 

Benzene, toluene, ethylbenzene and xylene 
Tetradecane 

C16 Hexadecane 

C20 Eicosane 

C24 Tetracosane 

CNM Conductive Nanomaterials 

CNT Carbon Nanotubes 

CNT@Fe 

DIET 

FID 

Carbon Nanotubes impregnated with 2 % Iron 

Direct Electron Interspecies 

Flame Ionization Detector 

GC 

HEPES 

MG 

MS 

Gas Chromatography 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

Magnetite 

Mineral Salt 

OD600 

PBS 

Optical Density of a Sample Measured at a Wavelength of 600 nm  

Phosphate Saline Solution 

STP Standard Temperatura and Pressure 

TPH Total Petroleum Hydrocarbons 

TS Total Solids 

TSN 

ST 

VFA 

Total Suspended Nitrogen 

Surface Tension 

Volatile Fatty Acids 

VS Volatile Solids 



16 

Chapter I  

Context, Aim and Thesis Outline 
  



17 

1.1. General introduction 
 

The dependence of human activities on petroleum has reached high proportions that promote a 

reflexion about the consequences of its application and exploitation through our living time. 

According to the United States Energy Information Administration (U.S. EIA [1]), oil production and 

consumption has been increasing worldwide, and this increase is expected to continue, with over 

100 million barrels per day being extracted in 2020 from the Earth’s crust [1], transported all over 

the world, refined and used for several kinds of Human activities such as energy, transportation, 

among others.  

However, the recent pandemic scenario due to the COVID-19 (the disease caused by Severe Acute 

Respiratory Syndrome Coronavirus 2 (SARS-COV-2)) outbreak, led governments all over the world 

to enforce border shutdowns, travel restrictions and quarantine obligations to population, sparking 

uncertainties of an imminent global economic crisis and recession, since World Health Organization 

declared COVID-19 outbreak, on January 30 of 2020, as a global emergency [2]. Thus, the demand 

[1] and consumption of petroleum, as well as the forecasts, were recently reviewed, as shown in 

figure 1. If in the past a cheaper oil may have acted advantageous for economies, nowadays as 

populations are instructed and encouraged into practicing social distancing behaviours and the 

working-masses have some uncertainties regarding their jobs security, oil-consumptions are 

directly affected [2].  

 

 

Figure 1 - World liquid fuels consumption balance, in million barrels per day, since the first quarter of 
2016 to the first quarter of 2021, with forecast for the rest of 2022. Adapted from short-term energy outlook 
of U.S. Energy Information Administration [1]. 
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As we can see in figure 1, it is expected that by the end of the first quarter of 2022 to petroleum 

production and consumption to reach pre-COVID19 values with over 100 million barrels per day.  

Crude oil is mostly composed by a mixture of hydrocarbons, mainly alkanes, cycloalkanes 

(naphthenes) and aromatics, which are present in liquid phase both in underground geologic 

formations and at the surface. Crude oil refinement takes advantage of the different molecular 

weights, volatilities and boiling points of hydrocarbons for their separation, giving origin to 

intermediary and final petroleum products that later can be used for different applications. 

Crude oil production, from extraction to distillation, can cause environmental contamination [3]. 

Exposure to crude oil-contaminated environments presents significant risks for living organisms 

due to the high toxicity of some components in crude oil [4]. Activities of the petroleum industry 

such as oil extraction, transport and refinement generate environmental impacts that cause severe 

damage to ecosystems, and produce significant amounts of contaminated solid and/or liquid 

wastes. Oil spills can be accidental or intentional discharge of petroleum hydrocarbons into the 

environment [5]  All oil spills scenarios require attention and actions must be implemented. Over 

the years, accidents with oil tankers or platforms have occurred, leading to massive investment of 

resources to control and clean the damaged areas. Also, environmental adaptation/restoration of 

the contaminated ecosystems needs several years, depending on the site and biotic environment 

[6]. In estuarine zones, hydrocarbons are frequently detected in the sediments, due to wastewater 

discharges from industry, boats and ships oil leakages, among other. Studies conducted by Ribeiro 

and collaborators in 2013 [7] suggested that some salt march plants may promote the 

development of hydrocarbonoclastic bacteria in its rhizosphere, especially during flowering season, 

when rhizoremediation activity can be higher, conducing to natural rhizoremediation strategies in 

estuarine areas.  

The first time in history that a society was called to present its opinion about environmental 

damages caused by hydrocarbon spills was after the accident with the tanker Exxon Valdez, which 

released circa 37000 metric tons of crude oil into the Prince William Sound, Alaska coast (United 

States of America), due to a rupture in the oil compartments. At that time, it was the biggest volume 

of oil spilled in United States of America’ waters, being also a major environmental catastrophe to 

public nation, which leaded to the major large scale contingent-valuation application and lost 

passive use estimation of how much American families are willing to pay in other to prevent oil 

spills like Exxon Valdez [8]. Circa 4 billion U.S. dollars were use in the clean-up processes and 

damage repair [9]. In order to prevent the damages caused by this kind of accidents, researchers 
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and companies all over the world have been developing and improving remediation techniques, 

both in situ and ex situ, using physical, chemical and biological processes, which may allow the 

reduction of the negative impacts caused by oil spills in the environment, promoting a faster 

restoration of the contaminated area [5][10][11][12][13][14]. 

When compared to the physical and chemical approaches, bioremediation techniques have the 

advantage of facilitating the recovering of the natural environment, associated with low application 

costs. In situ bioremediation aims to enhance the natural treatment processes, which depends on 

the activity of several types of microorganisms with the ability to degrade crude oil, without much 

interference in the natural dynamics of the decontamination zone. Alternatively, bioremediation can 

be performed ex situ, in biological reactors or piles, requiring the removal and transport of the 

environmental contaminated matrixes to the treatment place. Hydrocarbon-degrading microbial 

communities may also have an important role in engineered systems, in the treatment and 

decontamination of wastewater or oily sludge from the petroleum industry. All these microbial 

processes can be done by aerobic or anaerobic microbial communities [15], with the major 

limitation of these processes being the time period needed for the decontamination processes [16]. 

The biodegradation rates, both in situ and ex situ, will depend on the amount of hydrocarbons 

present in the matrix and their bioavailability, although the complexity of hydrocarbons mixtures 

may interfere in the degradations processes, and different bacteria are needed to degrade different 

petroleum-compounds [16][17]. Enhancing these processes constitutes a major challenge for 

hydrocarbons removal from contaminated sites, establishing a valuable increment of protecting 

ecosystems and societies.  

 

1.2. Aim and thesis outline 
 

This thesis aims to explore new strategies to promote hydrocarbons biodegradation by aerobic and 

anaerobic microorganisms. For that, biostimulation with corksorb or nanomaterials, using 

hydrocarbonoclastic bacteria or complex mixed cultures, were performed, in order to promote a 

faster recovery of the contaminated ecosystems.  

This document is organized in chapters. It begins with a general introduction of the theme (Chapter 

I) followed by the fundamentals of hydrocarbons bioremediation as state of the art (Chapter II). The 

next chapters are the experimental activities presenting three different bioremediation strategies 
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for three different case-scenarios of petroleum-pollution. Chapter III focus the potential of corksorb, 

a cork-based biosorbent, to promote the growth and hydrocarbon degradation by 

hydrocarbonoclastic bacteria. Chapter IV adresses the use of conductive nanomaterials to promote 

the bioremediation of contamined river sediments. In Chapter V, the effect of conductive ferric 

nanomaterials on the conversion of hydrocarbons to methane was tested. Each of these chapters 

was organized according to a common structure, with a general introduction, materials and 

methods, results and discussion and final conclusions. In Chapter VI, general conclusions and 

future perspectives are stated.   
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Chapter II 
Fundamentals of Hydrocarbons 
(bio)Remediation 
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2.1. Introduction 
 

Crude oil is a highly complex mixture of organic compounds, mainly composed by hydrocarbons 

(aromatics and saturated hydrocarbons), asphaltenes and resins [17]. Aliphatic hydrocarbons 

account for up to 50 % of the hydrocarbon fraction in crude oil [18]. Using different electron 

acceptors, is possible to biologically oxidize aromatic and aliphatic hydrocarbons, despite the lack 

of functional groups and lower reactivity of the later [17]. Hydrocarbons physical-chemical 

properties such as volatility and solubility in water or fat, deeply influences the behaviour of this 

kind of contaminants in soil, after an accidental oil spill. Further solubilization of the contaminants 

facilitates their transport into groundwater, where biodegradation will mainly occur. However, few 

studies have attempted to quantify the retention/release of this compounds in the soil matrix [19]. 

The low water solubility and relatively high soil-water partition coefficient (Koc) values of aliphatic 

and aromatic hydrocarbons suggest that mobility of petroleum hydrocarbons may be lower than 

previously thought. Koc values higher than 1000 represent compounds tightly bound to the organic 

matter in soils and are generally considered immobile; chemicals with Koc lower than 100 are 

considered moderately to highly mobile. Straight chain alkanes are less water soluble than 

monoaromatic hydrocarbons such BTEX (benzene, toluene, ethylbenzene and xylene), and present 

higher affinity for the organic carbon content of soil. Hence, it is likely that retention of a less soluble 

hydrocarbon portion of oil happens in soil, leading to oil fractioning in situ, however knowledge on 

these subjects is insufficient and entails additional progress.  

Hydrocarbons can be used by either aerobic or anaerobic microorganisms as carbon and energy 

source [20], from gaseous to liquid or solid hydrocarbons [21]. Hydrocarbon-degrading 

microorganisms are generally present in most oil polluted ecosystems, where they may become 

the dominant microbial group [20], and hydrocarbons degradation by bacteria is reported to 

increase with repeated exposure to hydrocarbons [22]. Microbial communities present in oil-

contaminated sites are expected to be highly complex, due to the toxic environment and the 

complexicity of the interactions among microorganisms and between these and the substrates. 

Aerobic conditions prevail in surface layers of soil, sediments and water; in deeper layers anoxia 

overcomes and microbial activities are driven by various alternative electron acceptors [23]. The 

characterization of these microbial communities is essential to understand what may be happening 

in situ, and may be applied ex situ for the treatment of different hydrocarbon-contaminated 

environmental matrixes/wastes. Microbial physiology and ecology of anaerobic hydrocarbon-



23 

degrading communities is not deeply studied when compared to aerobic biodegradation, therefore 

arising the need to study better these microorganisms. Only in the late 20th century it was possible 

to demonstrate alkanes conversion in anoxic environments, by measurement of quantitative 

consumption of n-alkanes by sulphate-reducing bacteria [17]. Several studies have been carried 

on since then for hydrocarbons degradation by chlorate-, nitrate- and sulphate-reducing bacteria 

mainly using enrichment cultures [24]. Appling methanogenic conditions in enrichment cultures 

for n-alkanes degradations have also been studied [25][26][27][28]. 

 

2.2. Oil spills logistic processes 
 

An oil spill, in land or water, entails several environmental issues that can reach catastrophic 

proportions and put in risk the subsistence of the damaged ecosystems. Therefore, the response 

to an oil spill must be fast and effective. The resources applied to mitigate the environmental 

damages are generally high, either referring to the number of human resources involved, or to the 

number of services, materials and machines used in this cleaning process. Usually this type of 

operational processes are the longest and costliest, and it is difficult to plan the waste management 

implied to these situations [29].  

Before starting the cleaning and decontamination processes by removing all contaminated 

materials, it is necessary to implement worksites that will promote a better performance of the 

cleaning and recover of the contamination agents, allowing a better management of the land 

operations. This is done mainly by creating direct pathways to the contamination sites and by 

defining special places to recover the contamination agents, avoiding the contamination of other 

zones by spilled contaminant. These worksites must be equipped with all tools, reagents, human 

resources and machinery needed to recover, clean and transport the contaminated materials. It is 

extremely important to have efficient management capacity of the collected and produced residues 

of the recovery processes [30]. 

After the worksite implementation, recovery proceeds through different stages. In a first phase, it 

is necessary to collect the pollutant in order to limit the range and contact time of the spill. It is 

extremely important in this phase to collect sediments, algae, animals, contaminated water, among 

others, avoiding the spreading of the contaminated area. The collecting of the contaminant 
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materials is made manually and with the use of machinery, promoting the transportation of these 

materials into the worksites where they will be stored until application of the best treatment solution 

available. In a second phase happens the “final cleaning” where more sophisticated techniques 

are applied in order to promote the cleaning of the oil present in the contaminated sites, as e.g., 

water high-pressure cleaning. In a third and last phase, it is essential to proceed to the restoration 

of the contaminated sites, by promoting propitious conditions that will help the contaminated sites 

to return to their “original state” – before the spill. 

All cleaning processes must be previously defined and after rethought in every step of cleaning and 

treatment. The techniques applied to the treatment of the contaminated sites must always rely on 

local typology, nature and pollution extension, natural environment involved in the spill and the 

availability of resources and degree of cleaning required. In the cleaning processes, besides the 

residues generated by the spill itself, it is also necessary to consider the residues resulting from 

this cleaning process, e.g., the protection clothes used by the collaborators of the cleaning services, 

materials used, sorbents, contention barriers, among others. All people involved in cleaning 

processes must be decontaminated afterwards, as well as vehicles and heavy machines. 

Considering the high amounts of residues produced, it is very important to plan and organize all 

the actions aiming its minimization and also a costs reduction [31]. The treatment applied to the 

residues recovered from the contamination sites and storage sites depends on several factors, 

related to the volume and type of hydrocarbons, always based on the legislation applicable to that 

type of residues and attempting to have lower application costs and less environmental impacts. It 

is important to reduce the volume of dangerous residues to ease the reuse, recycle or even final 

disposal. 

Portugal has an emergency plan against hydrocarbons and other dangerous substances 

contamination of marine waters, ports, estuarine zones and boats navigations paths in rivers. The 

so-called project “Mar Limpo” aims to stablish a response mechanism to accidental oils spills, with 

all the logistics and institutional responsibilities required to provide a fast response in an oil spill 

scenario.  
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2.3. Remediation strategies 
 

2.3.1. Physical processes 
 

Physical barriers are the first approach to an oil spill in order to contain the spill, preventing its 

propagation. Mechanical and hand recovery, high pressure washing, sand screening, among other 

techniques allow the collection of different contaminated wastes from the environment, namely 

liquids from contaminated water, pastes and solids as contaminated sand, polluted pebbles and 

stones, polluted sorbents (e.g., bulk, mops, pillows, sheets), polluted seaweed, polluted solid waste 

(including contaminated gloves and boots) and polluted fauna (all birds and mammal corpses 

should be counted before disposal) [32]. 

Application of sorbent materials for hydrocarbons removal have the advantage of allowing the 

transfer of the contaminants from the liquid phase to the solid (semi-solid) phase, facilitating the 

removal process [13]. Moreover, it can also be easily applied for hydrocarbons removal from solid 

surfaces, such as soil and pavements in oil refining industries or used-oils storage sites, or for the 

removal of oil spills from roads. 

The sorbent material efficacy depends on its hydrophobic and oleophilic properties, sorption 

capacity (in period of time and in quantity), possibility of later recovery of the contaminant, 

biodegradability and reuse [13]. Biodegradability of the sorbent material may be advantageous for 

ex situ bioremediation processes, since it may function as a co-substrate, thus supporting microbial 

growth, and/or contribute to increase hydrocarbons’ bioavailability and, consequently, their 

biological degradation. The choice of the sorbent material should consider, among other aspects, 

the place where it will be applied and its environmental conditions. For instance, if the spill occurred 

in marine environment or in a lake, it is necessary to choose a sorbent that preferably retains the 

contaminant and not the water [33]. Storage and treatment or disposal methods of the 

contaminated sorbent materials after its use should also be carefully planned [11]. 

The sorbent materials can be inorganic (mineral) or organic (synthetic or natural) [34]. Some 

inorganic sorbents (as perlite or fly ashes) present the lowest sorption and floatability rates (the 

floating capacity facilitates the removal process in aquatic environments). Thus, some organic 

materials are more advantageous for remediation purposes. Organic biosorbents present low 

application costs, availability in nature (most of them are renewable) and may have the possibility 

of being biodegradable after its use [34]. 
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Recent studies performed by Amorim Cork Composites (Portugal Patent Nº PT 103492 B, 2008) 

[35] concluded that cork granules constitute a good sorbent material, giving a new use and a new 

value to this material. It was shown that natural cork granules can absorb up to 5 times its weight 

in oil, and the regranulated cork granules (heat treated with steam at 380 °C) are capable of 

absorbing more than 9 times its weight in oil, in which all process is made by capillarity in only 15 

seconds, with sorption capacity of 9,43 L Kg-1 [36]. Also, it was proved that the sorption capacity 

of this material is inversely proportional to its granulometry. The hydrophobicity of this material 

presents an increased advantage for its application in water. In most cases, the residue of this 

sorption process is not reused, and goes to incineration [36]. Oil recovering processes have been 

studied and meliorated [37][38] and represent a possible strategy for the reuse of cork granules 

used in oil spills. Another interesting possibility may be the anaerobic treatment of this material in 

bioreactors, with hydrocarbons conversion to methane and incorporation of the cork granules in 

the digestate, which can be used as organic fertiliser and soil conditioner. 

Annunciado and collaborators in 2005 [6] studied different types of vegetable fibres (e.g., mixed 

leaves residues, sawdust, sisal (Agave sisalana), coir fibre (Cocos nucifera), sponge-gourd (Luffa 

cylindrica) and silk floss) as sorbent for oil removal. These authors demonstrated that the materials’ 

granulometry influences oil sorption parameters, verifying that a decrease in granulometry from 

more than 3,35 mm to 0,85-1,70 mm increased the sorption capacity 205 %. In the same study, 

it was verified that silk floss, sisal and sawdust presented better sorption capacities when compared 

to other vegetable materials. Also, for the silk floss the rates of water adsorption varied between 

2,5 % - 6,3 %, which is important when considering the viability of using these sorbent materials in 

water. The silk floss can absorb 85 grams of oil per gram of sorbent, a value that can be considered 

good, compared to other sorbents tested, some of them are commercially available (e.g., peat), 

according to the same study. Normally, bio-based waste materials are more cost-effective and 

environmental friendly, because they are abundant and their biological origin does not represent 

high production costs. The capacity of most of the materials for allowing the recovery of the sorbed 

oil and reuse of the sorbent material, represents a better solution from the economic and 

environmental points of view. The main problem with the use of these biological materials relies 

on their low hydrophobicity, resulting in low sorption capacities, needing to be modified to enhance 

their potential in oil spill treatment [5]. Aerogels are considered ideal sorbent materials, providing 

high surface area and low density, which results in high sorption capacities and floatability. 

Nevertheless, these materials also require some transformation to introduce some hydrophobicity 
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[5]. Although oil removal from the environment is preferential, economic reasons may restrict their 

use in spill treatment [5]. Generally, if booms and skimmers do not provide the effectiveness 

required in rough seas, dispersants composed of surfactants could be a better option for 

responding to the oil spill.  

 

2.3.2. Chemical processes 
 

The use of chemical compounds in oil leakage are the most common strategy applied during the 

treatment/recovery processes in the marine environment. Although more aggressive for the 

environment, their efficiency and fast response contribute for minimizing the environmental 

damages. In this way, the use of chemical dispersants has been presented not only as “the best” 

solution, but also as the most efficient solution in a brief period of time, given the emergency of 

the situation [39].  

Dispersants are easily and quickly pulverized in the water surface where the oil was spilled, 

promoting its dispersion in the water column in low concentrations [40]. Dispersants are composed 

by surfactants dissolved in solvents, having the chemical affinity to both petroleum and water 

(lipophilic and hydrophilic, respectively) [39]. When dispersed through the petroleum film, the 

molecules align in order that the lipophilic side can attach to the petroleum and the hydrophilic 

can be extended in the water. Therefore, it accomplishes a reduction of the interfacial tension 

which allows mixing of the oil in the first 5 to 10 meters of water column, in the form of droplets 

of 1 to 70 μm [41]. This process might not be immediate, depending on the presence of heavier 

hydrocarbons that difficult the chemical agents’ action.  

The use of chemical dispersants makes the oil droplets available for the hydrocarbon-degrading 

bacteria, promoting a natural in situ decreasing of the contamination levels. Moreover, the damage 

of leakage when the oil hits the shoreline are higher than in the water column, because the natural 

recovery is slower. In this perspective, the dissolution in the water column is preferable, for 

reducing the oil impact in the environment [42][43][44]. The major drawback of this technology is 

the potential toxicity of the dispersant compounds [44]. Nevertheless, since the 60s of last century 

attempts have been made to reduce this toxicity, in order to promote a less malicious action for 

the marine environment [44]. 

Nevertheless, the use of dispersants may compromise the oil degradation by bacteria, as shown 

in the studies conducted by Kleindienst et al. [45], that assessed the effects of dispersant 
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applications on microbial communities, since 7 million litters of dispersants Corexit (9527A and 

9500A) were applied in Deepwater Horizon oil spill. Their studies concluded that the use of these 

dispersants altered the microbial community composition, favouring the dispersant-degrading 

bacteria from the Colwellia genus. These bacteria also bloomed in situ on Gulf of Mexico after 

dispersants use. Kleindienst et al. [45] verified that samples without dispersant and with oil addition 

promoted the growth of hydrocarbonoclastic bacteria from the Marinobacter genus. Adding 

dispersants did not enhance the microbial community diversity nor hydrocarbons oxidation rates. 

The injection of dispersant Corexit (9527A and 9500A) occurred not only by the water surface, but 

also in the deep sea, nearby the leakage zone [46]. The massive use of dispersants dunk oil into 

deep ocean, in which the degradation process dependent on anaerobic bacteria (mostly sulphate-

reducing species). 

 

2.3.3. Biological processes (bioremediation) 
 

Bioremediation is a natural treatment process that makes use of microorganisms to degrade 

hazardous substances into non toxic or less toxic ones [47]. Bioremediation can occur naturally in 

the environment (natural attenuation) [20][48][49], however its application in case of an oil leakage 

generally involves the addition of nutrients, oxygen or other alternative electron acceptors, or co-

substrates to stimulate the native microorganisms’ proliferation in situ, that is, biostimulation 

[50][51][52]. Due to the high carbon content of hydrocarbons, phosphorus and nitrogen 

concentrations generally limit microbial growth in oil-contaminated environments, which explains 

the observed lag phases of 2 to 4 weeks reported to occur in the marine environment after an oil 

spill [53]. Thus, additional nitrogen and phosphorous supply can improve hydrocarbon 

biodegradation. On the other hand, when communities of non-native microorganisms (natural or 

engineered) are introduced into the environment, in order to speed up the natural processes of 

biodegradation, we are presented with a process of bioaugmentation [54]. In some cases, 

phytoremediation was applied making use of plants and algae for bioremediation processes 

(sometimes coupled with biostimulation). Some studies suggest that in oil-contaminated sites the 

combined action of plants and the microbial communities supported in rhizosphere have improved 

the capability for degrading hydrocarbons [7][55][56][57][58]. 

Bioremediation techniques have been studied and applied in situ in oil spill situations, both in water 

and on land, to promote the decontamination and damage control [47][59][60]. The predominance 
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of the aerobic treatment in situ is related to the fact that for a long time it was though that oxygen 

was needed for hydrocarbons’ microbial activation [61][62], as only in the late 80s of the last 

century it was discovered and recognised the capacity of anaerobic bacteria to metabolize 

hydrocarbons [62]. Microorganisms such as bacteria and fungi that utilize hydrocarbons in the 

presence of oxygen have been found at the beginning of the 20th century [63], and the aerobic 

hydrocarbons degradation processes and microbial communities that do those processes are well 

known and studied, while the study of anaerobic processes and microbial communities involved is 

still very recent, from the past 30 years. New insights are constantly been generated, under 

sulphate-, iron- manganese- or nitrate-reducing conditions, as well as under methanogenic 

conditions [64]. Anaerobic bioremediation of hydrocarbons has been limited essentially to the 

treatment of contaminated groundwater. It is in the subsurface areas that oil biodegradation under 

anoxic conditions occurs primarily, mediated by sulphate-reducing bacteria [65] or other anaerobes 

using a variety of electrons acceptors. 

The use of bioremediation techniques for oil removal from contaminated sites present numerous 

economic advantages, e.g., the lower operational costs, and also it is considered less “invasive”, 

that is, which brings less perturbations to the sites, than other physical-chemical methods [66]. 

When compared to chemical and physical approaches, biological approaches have been proved to 

be more cost efficient [17]. Moreover, bioremediation techniques can also be performed ex situ, 

by collecting the contaminated material from the natural site and treating it elsewhere, as in biopiles 

or bioreactors [67]. Also, adding a bulking agent in contaminated soil  may enhance the 

biodegradation of hydrocarbons, since it improves the contact between oil and bacteria in the tillage 

[68]. Bioreactors have been known as the most effective ex situ soil remediation processes, as 

long as adequate degradation conditions can be achieved promptly [59].  

 

2.3.4. Hydrocarbons degradation by aerobic microorganisms 
 

Since the isolation of the first hydrocarbon-degrading bacterium in 1913 by Söhngen [69], over 79 

genera of bacteria capable of using hydrocarbons as sole energy source have been identified [70] 

[71]. Kimes and collaborators [69] performed a compilation of studies addressing microbial 

communities’ changes over time following the Deepwater Horizon oil spill, in the Gulf of Mexico 

ranging from coastal sediments to the water column and deep sea sediments. Microorganisms like 

Oceanospirillales, Cycloclasticus and Colwellia genera, that were not known for their capabilities of 
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degrading hydrocarbons, where found with significant abundance and proliferation. Mikolasch and 

collaborators [72] isolated microorganisms from oil contaminated soils in Kazakhstan and 

identified species of Gordonia and Rhodococcus as very effective in degrading crude oil 

components.  

Marchand et al. [73] examined the potential for petroleum hydrocarbons biodegradation by 95 

bacterial and 160 fungal strains isolated from a former petrochemical plant, where they observed 

that fungal isolates belonged to the group Sordariomycetes, and bacterial isolates belonging to the 

groups Actinobacteria, Betaproteobacteria and Gammaproteobacteria showed high potential for 

polyaromatic hydrocarbons degradation. Three of the strains analysed, Rhodococcus sp., 

Trichoderma tomentosum, and Fusarium oxysporum, showed excellent results by degrading all 

four polyaromatic hydrocarbons presented in the assays (anthracine, phenanthrine, fluorene and 

pyrene, with more than 10 %, 13 %, 8 %, and 17 %, respectively, degraded by these three strains). 

Also concluded that the concentration of polyaromatic hydrocarbons in the initial soil samples, 

used for microbial isolation, as well as the type of culture medium, did not had a significant impact 

on polyaromatic hydrocarbons degradation ability of the isolates. On the other hand, phylogenetic 

affiliation played a significant role on the ability of the isolates on degrading these contaminants. 

In bioremediation processes, this metabolic potential of microorganisms is explored for the 

conversion or removal of hazardous components from the environment [74]. Under aerobic 

condition, the degradation of crude oil is relatively rapid and complete. In general, alkenes 

(hydrocarbons containing double bonds) and short-chain alkanes (hydrocarbons containing only 

single bonds) are the most easily degraded, followed by branched alkanes (alkanes with side 

chains) and then aromatics (hydrocarbons with a stable ring structure) [75]. However, degradation 

rates vary based on environmental parameters and decrease with hydrocarbon complexity, as oil 

composition depends on the source of the petroleum and age of the spill. As referred above, the 

primary rate-limiting factor in aerobic biodegradation is the delivery of oxygen. Oxygen availability 

is dependent on the ability of oxygen to move or diffuse through the environmental site as well as 

on the uptake rate by microorganisms. 

The chemical inertness of aliphatic hydrocarbons poses an energetic and mechanistic challenge 

for microbial metabolism. This is particularly true for the activation and eventual cleavage of the 

apolar C-H bond, in which high energy barriers must be overcome. In aerobic environments, the 

activation of C-H bond is manly accomplished by oxygen molecules. However, in anoxic 

environments other mechanisms are probably involved in this activation step. The only exceptions 
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are the recently discovered ‘intra-aerobic’ anaerobes which apparently derive oxygen species from 

using chlorate or nitrite to employ monooxygenases for attacking the hydrocarbon bonds [76].  

Studies conducted by Warr et al. [77] reported that hydrocarbons degradation in marine 

environments could be enhanced by adding mineral sorbents like clay powder, degrading not only 

the saturated hydrocarbons as alkanes, but also the heavier ones, as well as resins and 

asphaltenes. Alabresm et al. [78] studied the use of polyvinylpyrrolidone (PVP) coated magnetite 

nanoparticles and oil degrading bacteria (Halomonas sp., Vibrio gazogenes and Marinobacter 

hydrocarbonoclasticus) for enhanced oil removal at laboratory scale and concluded that the 

combined use of magnetite nanoparticles and oil degrading bacteria worked effectively to remove 

approximately 100 % of the added oil within 48 hours or less. In the presence of high oil 

concentrations (375 mg L−1), magnetite nanoparticles could remove approximately 70 % of lower-

chain alkanes (from C9 to C22) and 65 % of higher-chain (from C23 to C26) after only 1 hour, with 

no increment of oil removal being observed thereafter, probably due to nanoparticles saturation 

absorption capacities. In the assays amended with oil degrading bacteria, 80 % to 90 % removal 

was attained after 24 to 48 hours. Sorbent material lignite was added to soil and promoted 

microorganisms growth, as well as their biodegradation ability of pentachlorophenol [79]. Urea-

formaldehyde (commercial sorbent) was tested in an oil spill [80] and the sorbed hydrocarbons 

appeared to be as biodegradable as the ones which were not sorbed, turning possible to clean up 

a hydrocarbon spill with the polymer and then to biodegrade the hydrocarbons.  

A study performed by Pontes and collaborators [81] focused on bioremediation efficiency of buried 

oil in a estuarine zone, where biostimulation, bioaugmentation and natural attenuation assays were 

performed, by using soil columns to test hydrocarbons degradation. The bioaugmentation 

treatment used as inoculum an indigenous oil-degrading microbial consortium, previously 

stimulated in the laboratory by supplementation with an oleophilic fertilizer. The results showed 

that this bioaugmentation supplemented with nutritive conditions yielded better results when 

compared to the natural attenuation (i.e., at the same period, degradation in the natural attenuation 

assays was approximately half of the total degraded in the bioaugmentation assays). In 60 days, 

the degradation of hydrocarbons reached 80 % in the bioaugmentation assays, representing a cost-

effective methodology for bioremediation of underground sediments, recovering the polluted area. 
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2.3.5. Hydrocarbons degradation by anaerobic 
microorganisms 

 

Anaerobic degradation of petroleum hydrocarbon under different redox conditions (nitrate reduction 

[82], iron(III) reduction [83], sulfate reduction [84] and methanogenenesis [85]) is an exergonic 

process which is theoretically suitable for microbial energy conservation [86]. Several anaerobic 

bacteria capable of hydrocarbons degradation coupled to nitrate, iron(III) or sulphate reduction 

have been isolated and characterized [18]. Denitrifying species can degrade a wide range of 

alkylbenzenes, such as toluene, m-xylene or ethylbenzene. Denitrifying bacteria grow relatively fast 

on alkylbenzene, e.g., the maximum growth rate on toluene can reach 0,12 h–1 [87], because 

toluene is more water soluble and less stable (due to the aromatic structure) when compared to 

saturated hydrocarbons [88]. Iron-reducing species (e.g., Desulfitobacterium and Geobacter 

species) are reported to degrade aromatic hydrocarbons [89]. Research shows that some 

monoaromatic hydrocarbons like toluene can be degraded rapidly under iron-reducing conditions 

[51][58]. However, pure bacterial cultures that can degrade saturated hydrocarbons, like alkanes, 

under iron-reducing conditions have not been isolated thus far [90] [91].  

Since some LCFA (e.g., palmitate) and hydrocarbons have similar compostions, it is interesting to 

observe that LCFA-rich wastewaters can be biologically converted to biogas, under anaerobic 

conditions [92][93][94]. However, in the presence of sulphate, methanogenesis may be inhibit, 

resulting in the reduction of biogas production from LCFA valorisation. Oleate and palmitate 

enrichments of anaerobic sludge can lead to the development of two different syntrophic 

communities where in the presence of sulphate, the LCFA conversion did not occurred. On the 

other hand sulphate-reduction of hydrogen and acetate consumers were identified, competing in 

methanogenesis process [95]. Under sulphate-reducing conditions, several hydrocarbons (e.g., 

polycyclic aromatic hydrocarbons) can be biodegraded [96]. In fact, it was suggested that it may 

be possible to use sulphate-reduction rather than aerobic respiration as a treatment strategy for 

hydrocarbon-contaminated dredged sediments [96]. Other study revealed the taxonomy and 

metabolic potential of sulphate-reducing bacteria linked to anaerobic hexadecane and 

phenanthrene degradation [97]. 

Under anaerobic conditions, microbial communities can promote the reduction of ferric to ferrous 

iron [83]. This process may have its influence in the exchange of nutrients and trace metals, both 

in sediments and water. Ferric iron concentration in sediments normally exceeds the other electron 
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acceptors like sulphate, oxygen, or nitrate. Hence, ferric iron has great potential to be used as 

electron acceptor in the mineralization of organic compounds [98]. Previous studies suggest that 

iron(III)-reducing bacteria are cable of out-competing sulphate-reducing and methanogenic 

communities for organic matter when iron(III) is available [99]. Previous studies have indicated an 

incredible metabolic versatility of iron(III)-reducing bacteria, which are able to transform various 

organic pollutants (e.g., benzene, toluene, phenol and chlorinated compounds), heavy metal or 

radionuclide contaminants [90][99]–[102]. Instead of serving as direct electron acceptor, 

(semi)conductive iron oxide minerals can also serve as electron conduits in natural soil ecosystems, 

that transfer electrons to distant electron acceptors [98]. Therefore, it is possible to establish 

conductive networks through microbial interactions with iron oxide minerals in the sediments or 

soil [103], which may constitute a relevant adjuvant in microbial hydrocarbon oxidation processes. 

Knowledge about the microorganisms directly involved in hydrocarbons biodegradation to methane 

is still scarce. Up to know, bacteria from the Syntrophaceae family were reported as having an 

important role in alkanes biodegradation to methane [104], as well as the direct involvement of 

Smithella sp. [105]. The degradation of 1-hexadecene by a non-adapted methanogenic community 

was recently shown and was considerably enhanced by the addition of extra electron donors [106]. 

Syntrophic bacteria closely related to Syntrophus and Smithella, as well as hydrogenotrophic 

methanogens, were enriched in these 1-hexadecene-degrading cultures, showing the syntrophic 

nature of this conversion [106]. 

In fact, hydrocarbons biodegradation to methane is through to be a syntrophic process, performed 

by more than one group of microorganisms that interact sequentially in mixed cultures [18]. A 

scheme of the anaerobic degradation pathway of alkanes is represented in figure 2, referencing 

some of the possible microorganism involved in the processes.  

The first step in alkanes biodegradation is activation of the molecule, which is described as a slow 

rate-limiting process. After, classical fermentation, acetogenesis and methanogenesis take place, 

performed by different groups of bacteria and archaea. Alkanes biodegradation under 

methanogenic conditions has been reported as a syntrophic process, where syntrophic bacteria 

convert these compounds to hydrogen and acetate, which are further used by methanogens [107]. 

The complete degradation is only thermodynamically feasible when the hydrogenotrophic partner 

is present, decreasing the hydrogen partial pressure.  

The depress of oil reservoirs into certain levels may have its cause in anaerobic microbial activity. 

The so-called “biogenic methane”, which usually is associated with biodegraded petroleum wells, 
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is the outcome of microbial decomposition of the alkanes fraction in oil [27]. If in one hand the 

degradation of oil alkanes by methanogenic microorganisms may cause several problems in the 

extraction of high-value crude oil, on the other hand it has potential for valorising the extinguished 

oil reservoirs, through the so called MEOR – microbially enhanced oil recovery [108]. This strategy 

makes use of microbial communities capability in degrading heavy crude oil remaining in the 

capillary pores of rocks formations in oil reservoirs, to reduce its viscosity, being considered very 

effective, cost-efficient and eco-friendly [109].  

  

Figure 2 - Presumptive methanogenic degradation of oil, using alkanes as an example, with reference to 
the microorganisms possibly involved in hydrocarbons conversion to methane (adapted from [15][97]). 
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Abstract 
 

Biosorbent materials are effective in the removal of spilled oil from water, but their effect on 

hydrocarbonoclastic bacteria is not known. Here, we show that corksorb, a cork-based biosorbent, 

enhances growth and alkane degradation by Rhodococcus opacus B4 and Alcanivorax 

borkumensis SK2. R. opacus B4 and A. borkumensis SK2 degraded 96 ± 1 % and 72 ± 2 %, 

respectively, of a mixture of n-alkanes (2 g L–1) in the presence of corksorb. These values represent 

an increase of 6 and 24 %, respectively, relative to the assays without corksorb. The biosorbent 

also increased the growth of  A. borkumensis SK2 by 51 %. However, no significant changes were 

detected in the expression of genes involved in alkane uptake and degradation in the presence of 

corksorb relative to the control without the biosorbent. Nevertheless, transcriptomics analysis 

revealed an increased expression of rRNA and tRNA coding genes, which confirms the higher 

metabolic activity of  A. borkumensis SK2 in the presence of corksorb. The effect of corksorb is 

not related to the release of soluble stimulating compounds, but rather to the presence of the 

biosorbent, which was shown to be essential. Indeed, scanning electron microscopy images and 

downregulation of pili formation coding genes, which are involved in cell mobility, suggest that 

cell attachment on corksorb is a determinant for the improved activity. Furthermore, the existence 

of native alkane-degrading bacteria in corksorb was revealed, which may assist in situ 

bioremediation. Hence, the use of corksorb in marine oil spills may induce a combined effect of 

sorption and stimulated biodegradation, with high potential for enhancing in situ bioremediation 

processes. 

 

Keywords: corksorb, alkanes, Rhodococcus opacus, Alcanivorax borkumensis, growth, 
bioremediation, biosorbent, comparative transcriptomics  
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3.1. Introduction 
 

Global oil demand averaged 108 barrels per day in 2019 [1] entailing intensive exploitation of 

petroleum resources and significant environmental risks. Accidental oil spills occur frequently in 

marine environments, causing severe damage to ecosystems and human population [110] [111] 

[112] Crude oil is mainly composed of hydrocarbons, in particular alkanes, that account for more 

than 50 % of the hydrocarbon fraction. These compounds are relatively inert, originating severe 

ecological problems upon their release to the environment [113] [114]. 

In the oceans, although the average number of large- (>700 t) and medium-sized (7–700 t) oil 

spills caused by tankers has been progressively decreasing [115], major accidents still occur at 

irregular periods [110]. Several other sources also contribute for marine oil contamination, namely, 

drilling wastes and produced waters resulting from both onshore and offshore activities, oil well 

blowouts, releases from subsea equipment and pipelines, damages on oil platforms, and 

operational discharges in marine ports and harbours [110] [112] [116] [117]. 

Considering that most of the conventional remediation technologies are environmentally unfriendly 

[118] and that bioremediation may not be fast enough to prevent the severe damages caused by 

oil spills, immediate containment and physical removal of the oil guarantee a sufficiently fast and 

efficient response without significant environmental disturbances. Sorption is one of the most 

effective remediation techniques, and sorbent materials have demonstrated good results in 

removing hydrocarbons from contaminated sites [5]. One interesting approach is the use of 

biosorbents, which are materials from natural origin that are renewable and generally 

biodegradable. The use of agricultural or industrial wastes as biosorbents represents an effective, 

ecofriendly, and low-cost alternative that complies with the circular economy approach [5] [34]. 

In particular, cork-based sorbents have been used for the removal of different pollutants, including 

hydrocarbons [119] [120], and a commercial product – Corksorb – is available for oil spill 

remediation [121]. Corksorb presents an absorption capacity of up to 10 times its weight in oil 

[119] and is obtained through thermal treatment of regranulated cork particles, which are 

byproducts of cork stopper production [120]. Due to its particular physical and chemical properties, 

cork materials present good sorbent capacity and low water permeability [120]. 

In situ or ex situ bioremediation of oil-contaminated environments/matrixes can be accomplished 

by hydrocarbonoclastic bacteria, which utilize the oil components as carbon and energy source for 

growth [122]. Some of the most representative members of this group belong to the genera 
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Alcanivorax and Rhodococcus. Members of both genera are able to produce surfactants, which is 

a relevant feature for hydrocarbon consumption [123] [124]. Alcanivorax is considered the 

dominant Gram-negative genus degrading aliphatic hydrocarbons in saline environments. These 

bacteria have been applied in the bioremediation of oil-spilled marine ecosystems [51] [125] [126] 

due to their capacity of using high hydrocarbon concentrations (specially alkanes up to C32) as 

sole carbon source [127] [128] [129]. The genus Rhodococcus is one of the most versatile 

concerning hydrocarbon degradation, being able to metabolize different types of hydrocarbons – 

from alkanes with C6–C36 [130] [131] to complex polycyclic aromatic compounds present in 

gasoline, diesel, engine, and crude oil [132] [133] [134] [135]. They can be found in different 

natural environments, including marine sediments and water [136] [137] [138] [139]. Due to its 

remarkable catabolic versatility, several works were performed using Rhodococcus strains in oil 

bioremediation strategies [140] [141] [142]. 

In this work, we hypothesize that oil sorption by biosorbents can be combined with oil 

biodegradation by hydrocarbonoclastic bacteria, representing a novel approach for 

(bio)remediation of oil spills. Moreover, we hypothesize that the presence of the biosorbent may 

stimulate the activity of these bacteria, e.g., by promoting the contact between bacteria and 

hydrocarbons, acting as a support for bacterial growth or by containing stimulatory compounds 

(e.g., nutrients, cofactors) in its chemical composition, which could contribute to enhance oil spill 

bioremediation. The potential of corksorb to enhance growth and hydrocarbon degradation by 

hydrocarbonoclastic bacteria was investigated in batch assays. A mixture of n-alkanes, the main 

components of crude oil, was used as carbon and energy source. Two different bacterial strains 

were tested: R. opacus B4, a Gram-positive bacterium able to degrade both aromatic and aliphatic 

hydrocarbons [143] [144], and A. borkumensis SK2, a marine Gram-negative bacterium isolated 

from seawater/sediment samples that uses almost exclusively alkanes as carbon and energy 

source [127] [145]. Transcriptomics analysis of A. borkumensis SK2 growing on alkanes in the 

presence and absence of corksorb was also performed. Additionally, the presence of native bacteria 

in corksorb, capable of growing with alkanes, was investigated. 
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3.2. Materials and methods  
3.2.1. Biosorbent 
 

Corksorb granules with particle diameters between 0,3-1 mm were provided by Corticeira Amorim, 

S.G.P.S. (Portugal). The corksorb granules may contain apolar hexane-extractable compounds 

which can potentially cause interferences in the identification and quantification of alkanes by gas 

chromatography (GC). To evaluate these potential interferences, triplicate assays were prepared in 

250 mL Erlenmeyer flasks, each one containing corksorb (25 mg) and distilled water (50 mL). 

After incubation at 30 °C in a rotatory shaker (150 rpm) for 48 h, hydrocarbons extraction and 

quantification were performed. The presence of apolar, hexane-extractable compounds in corksorb 

was confirmed (figure 3a), but the comparison of this chromatogram with the one from the alkanes’ 

mixture used in the assays (described below – see section 3.2.4.) (figure 3b), allowed to rule out 

the occurrence of important interferences of these compounds in the experiments performed in 

this work. 

 

 
Figure 3 - Chromatogram of the compounds extracted from corksorb, 50 times concentrated relatively to 
the assays (a), and chromatogram of the alkanes mixture used in the assays at 100 mg L -1 individual 
concentrations, i.e. 5 times diluted relatively to the assays (b). Undecane (C11) was used as internal 
standard, and its retention time is 5 min. 

(a) 

(b) 
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3.2.2. Bacterial strains and growth conditions 

 

Rhodococcus opacus B4 (NBRC 108011) and Alcanivorax borkumensis SK2 (DSM 11573T) were 

purchased from the National Institute of Technology and Evaluation, Biological Resource Center, 

Japan (NBRC) and from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, 

Braunschweig, Germany), respectively. Growth and maintenance of the bacterial cultures were 

performed using 802 medium with agar (1,5 %) for R. opacus B4 [144] and an artificial seawater 

mineral salts medium (ONR7a) with agar [104] and sodium pyruvate (10 g L-1) as carbon source 

for A. borkumensis SK2. Cultures were incubated at 30 °C in a rotary shaker (120 rpm). 

 

3.2.3. Preparation of seed cultures 

 

R. opacus B4 was grown in solid medium for 4 days, after which a single colony was transferred 

to 50 mL mineral salts (MS) medium [165] supplemented with glucose (40 g L-1). A single colony 

of A. borkumensis SK2, grown in solid medium for 6 days, was transferred to 50 mL of ONR7a 

medium with 10 g L-1 sodium pyruvate. Seed cultures were grown in 250 mL Erlenmeyer flasks, 

at 30 °C with agitation (120 rpm) until reaching the middle of the exponential growth phase, i.e. 

48 h for R. opacus B4 and 45 h for A. borkumensis SK2 (figure 4). Growth of the seed cultures 

was evaluated by optical density at 600 nm (OD600). Cells were harvested and washed two times 

with sterile phosphate buffered saline solution (PBS) by centrifugation at 13000 min-1 during 10 

minutes at 20 °C. The pelleted cells of R. opacus B4 and A. borkumensis SK2 were then 

suspended in fresh MS and ONR7a medium, respectively, and used as inoculum in the assays. 
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Figure 4 - Growth curves of R. opacus B4 in MS medium with glucose (40 g L-1) (a), and A. borkumensis 

SK2 in ONR7a medium with pyruvate (10 g L-1) (b). 

 

3.2.4. Experiment 1 - Effect of corksorb on growth and alkane 
degradation by hydrocarbonoclastic bacteria 

 

A mixture of n-alkanes was prepared in hexane, containing tetradecane (C14), hexadecane (C16), 

eicosane (C20) and tetracosane (C24), at individual concentrations of 50 g L-1. The assays were 

performed in sterile 250 mL Erlenmeyer flasks, containing corksorb (25 mg), mixture of alkanes 

at a final total concentration of 2 g L-1 (corresponding to 500 mg L-1 of each individual alkane), 

sterile culture medium (50 mL) and seed culture (R. opacus B4 or A. borkumensis SK2) at an 

initial OD600 of 0,2. The mixture of alkanes was added with a glass syringe and by the flame in 

sterile conditions. Medium MS or ONR7a were used for R. opacus B4 or A. borkumensis SK2, 

respectively. These assays were designated Ab-Alk-CrkS and Ro-Alk-CrkS, as shown in table 1 and 

figure 5. Assays (i) without corksorb (Ab/Ro-Alk), (ii) without the mixture of alkanes (Ab/Ro-CrkS), 

and (iii) without inoculum (Alk-CrkS) were also prepared.  

O
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6
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0
 

O
D

6
0

0
 

Time (h) 

Time (h) 

 

(a) 

(b) 
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Table 1 - Summary of the experimental conditions tested. Ro, Rhodococcus opacus B4; Ab, Alcanivorax 

borkumensis SK2; Alk, mixture of alkanes; CrkS, corksorb. * The medium was previously in contact with 

corksorb for 150 h, after which it was transferred (without corksorb) to new sterile flasks where the assays 

were performed.  

 

 

 

All cultures were incubated at 30 °C in a rotary shaker (120 rpm) and samples were collected over 

time, after reaching the exponential growth phase (first sampling points at 283 h and 150 h for R. 

opacus B4 or A. borkumensis SK2, respectively). These values were defined based on preliminary 

tests carried out to evaluate the growth of the two hydrocarbonoclastic bacteria with the alkane 

mixture under study. For each sampling point, the total content of three replicate flasks was 

acidified at pH 2,0 with HCl (5 mol L-1) and preserved at 4 °C until hydrocarbons analysis. The 

total content of three other Erlenmeyer flasks was used for bacterial growth quantification, assessed 

by measuring total suspended nitrogen (TSN). At the end of the experiment, samples of well-

homogenized biomass were also collected from the assays containing corksorb and A. 

borkumensis SK2 (i.e., Ab-Alk-CrkS and Ab-CrkS), centrifuged at 10000 g for 10 minutes at 4 ºC, 

washed with PBS and stored at -20 ºC, for further bacterial community analysis. 

 

 

 

 

 Assay Inoculum Alkanes Corksorb 

Experiment 1 

Ro-Alk-CrkS    

Ro-Alk    

Ro-CrkS    

Ab-Alk-CrkS    

Ab-Alk    

Ab-CrkS    

Alk-CrkS    

Experiment 2 
Ab-Alk-CrkS    

Ab-Alk-afterCrkS   
(*) 

 1 
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3.2.5. Experiment 2 - Assessment of potential stimulation of A. 
borkumensis SK2 by soluble compounds from corksorb 

 

An experiment was designed to evaluate if the effect of corksorb on the growth of A. borkumensis 

SK2 was related with the release of soluble compounds to the medium. Erlenmeyer flasks 

containing only corksorb (25 mg) and medium ONR7a (50 mL) were incubated at room 

temperature for 150 h, without agitation, after which the medium was transferred with sterilized 

syringes to a new set of sterilized Erlenmeyer flasks. These were designated Ab-Alk-afterCrkS (table 

1, figure 5), and received also A. borkumensis SK2 seed culture and the mixture of n-alkanes, 

following the procedures described in section 3.2.4. Control assays, which contained fresh medium 

ONR7a, corksorb, alkanes and A. borkumensis SK2 (Ab-Alk-CrkS, table 1, figure 5) were also 

prepared as described in section 3.2.4. TSN was measured at the end of the assay using the total 

content of triplicate flasks. 

 

3.2.6. Effect of corksorb on differential gene expression and 
on surface tension of A. borkumensis SK2 cultures 

 
Erlenmeyer flasks of 1 L (total volume), containing 250 mL ONR7a medium and 125 mg of 

corksorb, were inoculated with A. borkumensis SK2. Control assays were performed without 

corksorb in order to compare the gene expression and surface tension (ST) when A. borkumensis 

SK2 was growing with and without corksorb. The alkane mixture and all the other experimental 

details were similar to the ones described in section 3.2.4. Samples from each culture (5 mL) were 

collected at different time points to evaluate biosurfactant production through ST measurement. 

For transcriptomics analysis, cell cultures (40 mL) were harvested at the exponential growth phase 

(167 h) and centrifuged (10000 rpm, 10 min, 4 ◦C), suspended in RNA later (Thermo Fisher 

Scientific) and frozen at −20 ◦C until RNA extraction. Three independent cultures were sampled for 

each condition. At the same time point (t = 167 h), scanning electron microscopy (SEM) analysis 

was also performed.
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Figure 5 - Scheme of the experimental procedure applied in experiments 1 and 2. 
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3.2.7. Enrichment cultures 
 

To evaluate the presence of native bacteria in corksorb and their capacity to grow using alkanes, 

enrichment cultures were developed. Corksorb (25 mg) was incubated in a sterile Erlenmeyer flask 

(250 mL volume) containing 50 mL of ONR7a medium, at room temperature without agitation for 

150 h. After this period, sterile loops were used to inoculate ONR7a agar (1,5 %) medium with 

sodium pyruvate (10 g L-1). Incubation was performed at 30 °C, 120 rpm. Growth was visually 

checked and two sequential transfers were made to Erlenmeyer flasks with ONR7a medium (50 

mL), using the mixture of n-alkanes described in section 3.2.4 as carbon source at 1 g L−1 individual 

concentrations (total alkane concentration of 4 g L−1). The obtained enriched culture was designated 

CA (2) and characterized in terms of taxonomic composition. 

 

3.2.8. Analytical methods 
 

OD measurements were performed with a spectrophotometer U-1500 (Hitachi, Tokyo, Japan). TSN 

was quantified using standard cuvette tests (Hach-Lange GmbH, Dusseldorf, Germany) and a DR 

2800 spectrophotometer, after washing the samples three times with ultra-pure water by 

centrifugation at 10000 min-1 (15 minutes, 20 °C). For alkane analysis, samples were sequentially 

extracted three times with hexane as organic solvent using separatory funnels, as described by 

Castro et al. [144]. Heptadecane (C17) was added to the samples at a final concentration of 200 

mg L-1, from a stock solution prepared in hexane, as surrogate. The extracts were cleaned with 

Sep-Pak Florisil® cartridges (Waters, Milford, MA) and concentrated to a final volume of 1 mL in 

hexane, using TurboVap® LV (Biotage, Uppsala, Sweden). Alkane quantification was made by GC 

with a flame ionization detector (GC-MS Varian® 4000, Agilent, Santa Clara, CA) and a VF1-ms 

column (Agilent, 30 m x 0.025 mm, Santa Clara, CA). Helium was used as carrier gas at 1 mL 

min-1. Detector and injector temperatures were 360 °C and 285 °C, respectively. Column 

temperature was maintained at 60 °C for 1 minute and then increased up to 290 °C at a 

temperature ramp of 8 °C min-1. Undecane (C11) was used as GC internal standard, at a 

concentration of 380 mg L-1, in hexane. ST was determined by the Ring method [146], at room 

temperature (25 °C), using a KRÜSS K6 Tensiometer (KRÜSS GmbH, Hamburg, Germany). All the 
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measurements were performed in triplicate. SEM analysis was performed using an SEM FEI Nova 

200 (FEG/SEM) equipment (FEI, Hillsboro, OR, United States) at SEMAT (University of Minho, 

Guimarães, Portugal). Samples for SEM images were prepared and processed as described by 

Salvador et al. [147]. 

 

3.2.9. DNA extraction and amplification for bacterial 
community analysis 

 

Bacterial community composition was assessed in biomass samples collected from the assays 

containing corksorb and A. borkumensis SK2 (see section 3.2.4). Total genomic DNA was extracted 

using a FastDNA SPIN Kit for Soil (MP Biomedicals LLC, Santa Ana, CA, United States) according 

to the manufacturer’s instructions. DNA amplification, Illumina libraries preparation, amplicon 

sequencing (Illumina MiSeq, Inc., San Diego, CA, United States), and bioinformatics analysis were 

performed by RTL Genomics (Lubbock, TX, United States), and the methodology is detailed 

elsewhere [148]. The amplicon primer set used was the 28 f/388 R [149] [150], targeting the 

bacterial 16S rRNA gene. Nucleotide sequences were submitted to the European Nucleotide 

Archive (ENA) under the study number PRJEB36602. 

 

3.2.10. Transcriptomic analyses 
 

RNA later was removed from A. borkumensis cells by centrifugation, and total RNA was extracted 

by using FastRNA ProTM Soil-Direct Kit (MP Biomedicals, Solon, OH, United States), in accordance 

with the manufacturer’s instructions. RNA extracts were sent in dry ice to Eurecat (Reus, Spain), 

where DNAse treatment (18068-015, Invitrogen), RNA quality assessment (using the Agilent 

TapeStation team and the Agilent High Sensitivity RNA ScreenTape Assay), libraries preparation, 

and sequencing were performed. The sequencing libraries were created using the Illumina 

Stranded Total RNA Prep ligation with Ribo-Zero Plus (20040525, Illumina). The obtained cDNA 

libraries were quantified by microfluidic electrophoresis on Agilent’s TapeStation equipment and 

the Agilent DNA High Sensitivity ScreenTape kit. The length and concentration of each sample were 

determined, and quantification was performed with Qubit.  

Sequencing was performed in the NextSeq2000 sequencing system (Illumina), generating millions 

2 × 76 pb reads per sample. Initial bioinformatics data analysis was performed by Eurecat, which 

included mapping against a reference genome using HISAT2 (2.2.1), annotation and quantification 
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of aligned reads with StringTie (2.1.4), and differential gene expression level comparison using 

DESeq2 R package (1.30.0). Samples were normalized by the Relative Log Expression (RLE) 

method, and expression levels were represented in counts per million (CPM). Genes were 

considered differentially expressed, upregulated or downregulated, if the difference in expression 

between conditions was at least two-fold, double or half expression levels, respectively, and if the 

adjusted p-value obtained for that gene was less than 0,05.  

Additional bioinformatics analysis of A. borkumensis SK2 differentially expressed genes was 

performed to obtain extra functional information. For that purpose, initial gene IDs (locus tag) were 

converted to National Center for Biotechnology Information (NCBI) RefSeq protein IDs and UniProt 

IDs. By using the UniProt ID mapping web service, information from cross-reference databases and 

FASTA sequences were obtained. Protein sequences were then submitted to reCOGnizer1 that 

retrieved information from Clusters of Orthologous Groups of protein (COG), EuKaryotic 

Orthologous Groups (KOG), Conserved Domain Database (CDD), Pfam, NCBIfam, TIGRFAM, 

Protein Clusters, and Smart databases. FASTQ files were submitted to the European Nucleotide 

Archive under the study accession number PRJEB46411. 

3.3. Results and Discussion 
 

3.3.1. Experiment 1 - Effect of corksorb on growth and alkane 
degradation by hydrocarbonoclastic bacteria 

 

Addition of oxygen or nutrients, such as nitrogen and phosphorous [81] [151] [152], as well as 

surfactants [153], have been studied as biostimulation strategies to increase the activity of 

hydrocarbon-degrading bacteria. Considering the unique chemical composition, structure and 

properties of corksorb [119] [120], we hypothesize that this biosorbent may have the potential to 

enhance the growth and hydrocarbons degradation by hydrocarbonoclastic bacteria, which was 

studied in this work. 

Alkanes were chosen as model compounds, since they are the main components of crude oil and 

their biodegradation has an important impact on oil removal and environmental cleanup [70]. The 

n-alkanes tested are characterized by low water solubility, low vapor pressure, and high boiling 

point (table 2; [154]) and thus present a reduced tendency to dissolve or volatilize, generally 

forming a floating layer at the water surface.  



48 

In the assays performed with R. opacus B4, total alkane degradation reached 96 ± 1 % in the 

presence of corksorb, which was 6 % higher than without corksorb (90 ± 2 %) (p < 1,21 × 10−5). 

This bacterium was able to efficiently degrade the mixture of alkanes, particularly C14, C16, and 

C20, as they were no longer detected in the culture medium since the first sampling point (283 h 

of incubation) either in the presence or absence of corksorb. On the other hand, corksorb exerted 

a positive effect on C24 degradation, the alkane with the highest chain length tested. C24 

concentrations averaged 73 ± 21 mg L−1 and 194 ± 42 mg L−1 in the assays with and without 

corksorb, respectively, from 283 h until the end of the incubations (715 h). These values 

correspond to a 24 % increase in C24 removal in the presence of corksorb. 

 

 
Table 2 - Selected physicochemical properties of the n-alkanes tested [154]. 

Property C14 C16 C20 C24 

Molar mass (g mol
-1

) 198,4 226,5 282,6 338,7 

Density (g cm
-3

) 0,756 0,760 0,762 0,760 

Boiling point (°C) 253 287 281 391 

Vapor pressure (Pa at 20 °C) 1,6 1,9x10
-1

 6,2x10
-4

 5,4x10
-4

 

Solubility in water (mol L
-1

 at 25 °C) 2,0x10
-8

 4,0x10
-9

 6,7x10
-9

 7,3x10
-9

 

 

 

 

Corksorb did not influence the growth of R. opacus B4 (table 3) possibly due to the naturally high 

alkane-degrading efficiency of this bacterium and to the fact that, among the alkanes tested, only 

C24 was more difficult to degrade. TSN concentrations of 85 ± 3 mg L−1 and 81 ± 6 mg L−1 were 

measured at the end of the experiment in the presence and absence of corksorb, respectively 

(figure 5), showing no statistical differences. In the assays with R. opacus B4 and corksorb (without 

the mixture of alkanes, Ro-CrkS), TSN concentration was always lower than 2 ± 0 mg L−1. 
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Table 3 - Growth of R. opacus B4 from alkanes, expressed as total suspended nitrogen (TSN) concentration, 
with corksorb (Ro-Alk-CrkS) and without corksorb (Ro-Alk). Control assays without alkanes (Ro-Alk) are also 
shown. 

 
 

Time (h) 

Total Suspended Nitrogen (TSN) (mg L-1) 

Ro-Alk-CrkS Ro-Alk Ro-CrkS 

0 1,4 1,4 1,4 

283 26,7 ± 5,4 41,8 ± 0,4 1,0 ± 0,2 

474 58,6 ± 7,5 41,0 ± 2,5 1.2 ± 0,2 

715 81,2 ± 5,8 84,5 ± 2,9 1.3 ± 0,3 

The results presented are the averages and standard deviations for triplicate assays. 

 

In the assays performed with A. borkumensis SK2, significantly lower (p < 0,04) alkane 

concentrations were detected in the presence of corksorb, which corresponded to significantly 

higher degradation of all the alkanes tested when compared to the assays without corksorb (figure 

6 and table 4). Total alkane degradation was 24 % higher in the assays with corksorb relative to 

the assays without this biosorbent (i.e., 72 ± 2 % and 47 ± 2 %, respectively; table 4). Degradation 

of longer-chain alkanes (C20, C24) was slower than that of C14 and C16 (figure 6), confirming the 

more recalcitrant nature of longer-chain alkanes, thus requiring more time to be consumed, as 

reported by Head et al. [70]. The enhancement of alkane degradation by A. borkumensis SK2, 

induced by corksorb, was related to bacterial growth. After 452 h of incubation, the bacterial 

biomass (as TSN) was significantly higher (p < 0,02), i.e., 51 %, in the presence than in the absence 

of corksorb, with TSN values of 12 ± 0 mg L −1 and 8 ± 0 mg L−1, respectively (table 5). In the 

control assay Alk-CrkS, no growth was observed, and the expected alkane recovery was 98 ± 3 % 

(based on previous experiments performed by Castro et al. [131]). All these results show that the 

higher alkane removal in the presence of corksorb is a result of alkane degradation and not an 

absorption phenomenon. Moreover, the results indicate that corksorb effectively stimulated A. 

borkumensis SK2 growth. 
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Figure 6 - Alkane degradation by A. borkumensis SK2 with corksorb (Ab-Alk-CrkS, •) and without corksorb 
(Ab-Alk, Δ). (a) C14, (b) C16, (c) C20 and (d) C24. The results presented are the averages and standard 
deviations for triplicate assays. 
 
 
Table 4 - Alkane degradation (%) by A. borkumensis SK2 at the end of the experiment, with corksorb (Ab-
Alk-CrkS) and without corksorb (Ab-Alk). 

 
 

Time (h) 

Total Suspended Nitrogen (TSN) (mg L-1) 

Ab-Alk-CrkS Ab-Alk 

C14 94 ± 2 85 ± 0 

C16 82 ± 2 63 ± 2 

C20 59 ± 4 26 ± 5 

C24 51 ± 6 16 ± 3 

Total 72 ± 2 47 ± 2 

The results presented are the averages and standard deviations for triplicate assays. 

 

 

C14 C16 

C20 C24 
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Table 5 - Growth of A. borkumensis SK2 from alkanes, expressed as total suspended nitrogen (TSN) 
concentration, with corksorb (Ab-Alk-CrkS) and without corksorb (Ab-Alk). Control assays without alkanes 
(Ab-Alk) are also shown. 

 
 

Time (h) 

Total Suspended Nitrogen (TSN) (mg L-1) 

Ab-Alk-CrkS Ab-Alk Ab-CrkS 

0 4,7 4,7 4,7 

167 4,4 ± 0,2 8,8 ± 1,1 3,5 ± 0,03 

313 11,8 ± 0,2 8,4 ± 1,2 4,3 ± 0,6 

453 12,2 ± 0,4 8,1 ± 0,4 5,6 ± 0,8 

The results presented are the averages and standard deviations for triplicate assays. 

 

 

Bacterial communities’ composition was analyzed in the assays with corksorb and A. borkumensis 

SK2 (i.e., Ab-Alk-CrkS and Ab-CrkS; table 1 and figure 4). A. borkumensis SK2 was the dominant 

genus identified both in the presence and absence of alkanes (table 6), with relative abundances 

of 81 and 91 %, respectively, based on 16S rRNA gene sequencing. Bacteria from the genera 

Curtobacterium and Roseomonas were also present in the assays with alkanes (Ab-Alk-CrkS; table 

5), accounting for 13 and 5 % relative abundance, respectively. When A. borkumensis SK2 was 

incubated only with corksorb (Ab-CrkS), members of the Rhizobiales order were detected and 

represented 8 % of the bacterial community, including Pelagibacterium luteolum (4 % relative 

abundance) (table 5).  

The ability to perform hydrocarbon degradation has been reported in bacteria from the 

Curtobacterium and Roseomonas genera [155][156][157][158][159], although other strains 

within these genera do not have this ability, even when detected/isolated from petroleum-polluted 

sites sites [160][161]. In fact, the presence of bacterial strains that are not able to degrade 

hydrocarbons in oil contaminated environments is quite common, generally ascribed to their 

tolerance to hydrocarbons or to their involvement in the degradation of intermediary compounds. 

P. luteolum typestrain 1_C16_27T was isolated from solid wastes of an oil shale chemical industry 

[162].  

In the assays with corksorb, the presence of hydrocarbon degrading bacteria, or other bacteria 
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exhibiting tolerance to these compounds, suggest that they might have a role in the degradation of 

the added alkanes. Nevertheless, the high abundance of A. borkumensis SK2 in the microbial 

communities at the end of the assays points out that this bacterium was the key player in this 

process. Considering that Alcanivorax species tend to become the dominant group in bacterial 

communities present in marine waters contaminated with hydrocarbons [163], the use of corksorb 

as a biosorbent material may represent an interesting strategy for enhancing its growth and in situ 

bioremediation. 
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Taxonomic 
identification 

at  the genus level 1 

Relative abundance (%) 

Closest cultured relatives 2 
Identity 

(%) 2 

Accession 
number Ab-Alk-CrkS Ab-CrkS CA(2) 

Alcanivorax 80.5 91.0 - Alcanivorax borkumensis SK2 100.0 NR_074890.1 

Curtobacterium 12.5 - - Curtobacterium citreum strain DSM 20528 100.0 NR_026156.1 

Roseomonas 4.9 - - Roseomonas deserti strain M3 92.2 NR_159351.1 

Pelagibacterium - 3.8 - Pelagibacterium luteolum strain 1_C16_27 100.0 NR_116053.1 

Unclassified (Rhizobiales) - 3.8 - Pelagibacterium halotolerans B2 96.0 NR_102924.1 

Ochrobactrum - - 48.5 Ochrobactrum anthropi ATCC 49188 100.0 NR_074243.1 

Gordonia - - 43.1 Gordonia aichiensis strain E9028 100.0 NR_037030.1 

Pseudomonas - - 3.7 Pseudomonas alcaligenes strain ATCC 14909 97.7 NR_114472.1 

Microbacterium - - 3.3 Microbacterium phyllosphaerae strain P 369/06 98.7 NR_025405.1 

Other 3 2.2 1.4 1.9 - - - 

1
Taxonomic identification at the genus level based on 16S rRNA genes sequences of 291 bp length by Illumina MiSeq. 

2 
Results of sequence alignment by using BLASTN toward the 

RefSeq_rna database
. 3 

Operational taxonomic unit (OTU) with relative abundance 
 

Table 6 - Bacterial community composition at the genus level based on 16S rRNA gene sequencing by Illumina MiSeq, in the assays Ab-Alk-CrkS, Ab-CrkS and in the 
enrichment culture CA(2). 
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3.3.2. Experiment 2 - Stimulation of A. borkumensis SK2 is 
not linked with the release of soluble substances by corksorb 

 

The observed stimulatory effect of corksorb on the growth and alkane degradation in A. 

borkumensis SK2 assays may be associated with different mechanisms, as for example the 

presence of compounds (either soluble or embedded in the structure of corksorb) that can act as 

co-factors, stimulating the growth and activity of this bacterium. Corksorb may also function as 

support for bacterial growth or promote the contact between the bacteria and the hydrocarbons 

(since these tend to float, while bacteria are generally dispersed in the medium). A. borkumensis 

SK2 is a known alkane degrader, capable of using these compounds as carbon and energy sources, 

being also expected to have the ability to produce surfactants. Therefore, in this work, the possible 

release of soluble compounds from corksorb to the medium was chosen for further studies. Growth 

of A. borkumensis SK2 was measured in experiments performed with medium that did not contain 

corksorb but had been previously in contact with it (Ab-Alk-afterCrkS assays, table 1), and 

compared with the growth in the presence of the biosorbent (Ab-Alk-CrkS assays). Statistically 

higher growth (p < 0,006) was achieved when corksorb was present in the medium, reaching TSN 

values of approximately 30±2 mg L-1 in the Ab-Alk-afterCrkS assays versus 24±2 mg L-1 in the Ab-

Alk-CrkS, after 300 h of incubation (Figure 7). These results highlight that the presence of corksorb 

is essential, and that the release of soluble stimulatory compounds was not the main reason for 

the stimulation of A. borkumensis SK2. 

 
Figure 7 - Growth of A. borkumensis SK2, expressed as TSN concentration, over time in the presence and 
absence of corksorb. In the assay performed without corksorb, the medium used was previously in contact 
with this biosorbent for 150 h, after which it was transferred to the assay flasks. 
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3.3.3. Effect of corksorb on differential gene expression and 
on surface tension of A. borkumensis SK2 cultures 

 
To further understand why A. borkumensis SK2 growth and alkane degradation are improved by 

corksorb, an additional experiment was performed. Corksorb may have a direct effect on alkane 

degradation or alternatively/additionally influence other cellular processes, such as biosurfactant 

production. Corksorb may also function as support for bacterial growth or promote the contact 

between the bacteria and the hydrocarbons (since these tend to float and bacteria are generally 

dispersed in the culture medium). Therefore, a transcriptomics analysis was performed to detect 

potential differences in gene expression. Particular focus was given to the genes involved in alkane 

degradation, biosurfactant production, and biofilm formation, which were described by Schneiker 

et al. [128]. Variations on ST were also assessed. The Illumina sequencing originated a total of 

905,664,672 reads that, after alignment with the reference genome, decreased to 383,563,992. 

A total of 2,825 different RNA molecules were detected. The results showed 128 upregulated genes 

and 130 downregulated genes when A. borkumensis SK2 was incubated with corksorb relative to 

the control without corksorb. 

A high number of differentially expressed genes (66) coding for hypothetical proteins were detected, 

but additional functional information could be obtained by performing conserved domain analysis 

with the reCOGnizer tool. The differentially expressed protein-coding genes could be assigned to 

the following COG functional categories: Cellular processes and signaling (77 genes), Information 

storage and processing (28 genes), Metabolism (64 genes), and Poorly characterized (28 genes). 

However, 61 genes, including 19 non-protein-coding genes, could not be assigned to any COG 

category. All the differentially expressed non-coding genes detected were found to be overexpressed 

in the presence of corksorb. These genes coded for rRNA or tRNA and are among the most 

upregulated genes detected in this experiment (table 7). For instance, these genes were 3–27 

times more expressed in the presence of corksorb (table 7). These results corroborate the higher 

activity of A. borkumensis SK2 cells when growing with corksorb, as more rRNAs and tRNAs, 

involved in protein synthesis, were expressed. This is in agreement with the higher growth and 

alkane degradation by A. borkumensis SK2 observed in the presence of corksorb (tables 4, 5; 

figure 6).  
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Table 7 - List of upregulated genes, annotated as ribosomal RNA, transfer RNA, or related genes expressed 
by Alcanivorax borkumensis SK2 when growing in the presence of corksorb relative to the control assay 
without corksorb. 
 

Gene identifier  
(Locus tag) 

Number of times 
genes are 

upregulated 

Annotation 
(NCBI RefSeq database) 

ABO_RS14190 27 transfer-messenger RNA 
ABO_RS14160 26 RNase P RNA component class A 
ABO_RS02520 12 16S ribosomal RNA 
ABO_RS10185 11 16S ribosomal RNA 
ABO_RS01870 11 16S ribosomal RNA 
ABO_RS14235 8 signal recognition particle sRNA small type 
ABO_RS10180 8 23S ribosomal RNA 
ABO_RS02525 7 23S ribosomal RNA 
ABO_RS09450 7 tRNA-Pro 
ABO_RS14330 6 6S RNA 
ABO_RS01665 6 tRNA-Met 
ABO_RS01885 6 23S ribossomal RNA 
ABO_RS09645 6 tRNA-Met 
ABO_RS07825 6 tRNA-Ala 
ABO_RS07820 4 tRNA-Glu 
ABO_RS06250 4 tRNA-His 
ABO_RS04560 4 tRNA-Ser 
ABO_RS09255 3 tRNA-Ser 
ABO_RS01880 3 tRNA-Ala 

 

Nevertheless, few genes associated with alkane degradation were differentially expressed, namely, 

two alkane 1- monooxygenases (locus tag ABO_RS13835 and ABO_RS00610) and three other 

enzymes that are involved in alkane conversion to alkanol and alkanol conversion to alkanal (a 

ferredoxin reductase and two alcohol dehydrogenases, locus tag: ABO_RS01020, ABO_RS13850, 

and ABO_RS06065, respectively), that were downregulated in the presence of corksorb. A total of 

14 genes coding for different DUF domaincontaining proteins were found, eight upregulated and 

six downregulated. However, these are poorly characterized domains and with unknown function, 

and therefore, their role in the increased growth and alkane degradation of A. borkumensis SK2 in 

the presence of corksorb remains unclear. Nevertheless, one should mention that the most 

downregulated gene during incubation with corksorb (32 times less expressed) is an 

uncharacterized protein containing a DUF1656 domain. Although the function is unknown, 

annotation against the Pfam database indicated that some DUF1656-containing proteins are 

putative membrane proteins. Several genes (a total of 15) related to pili formation (most Type IV 

pili) were downregulated by A. borkumensis SK2 when corksorb was present (table 8). Pili are thin 

appendages in the surfaces of bacteria performing several functions, including twitching motility, 
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uptake of external DNA to the cell, microcolony formation, biofilm formation, and adherence [164] 

[165]. 

Probably because corksorb absorbs the hydrocarbons and offers a support for cell growth, some 

of the typical functions of pili were possibly less relevant for the bacteria growing with corksorb 

than when corksorb was not present. For instance, cells may have less necessity to move toward 

feeding. In this way, A. borkumensis SK2 population growing attached to corksorb probably shifts 

the energy toward cellular processes other than mobility. This hypothesis is reinforced by the SEM 

images obtained that show an extensive biofilm formed around corksorb granules (figures 8B–D), 

as well as the proximity between hydrocarbons and cells (figures 8E, F). This proximity could 

facilitate alkane degradation and consequently cell growth. Figure 8A shows a corksorb granule 

without biofilm, for comparative purposes. Another possibility for the enhanced alkane degradation 

by A. borkumensis SK2 in the presence of corksorb could be a decrease in biosurfactant production 

due to the proximity between bacteria and hydrocarbons promoted by corksorb. This would 

potentially allow the bacteria to redirect their energy toward other cellular processes, such as 

growth. 

 

 
Figure 8 - Scanning electron microscopy (SEM) images of (A) corksorb granule without A. borkumensis 
SK2, 400 µm; (B) corksorb granule surrounded by A. borkumensis SK2 biofilm, 400 µm; (C) A. borkumensis 
SK2 biofilm attached to corksorb, 50 µm; (D) A. borkumensis SK2 biofilm attached to corksorb, 30 µm; (E) 
detail of A. borkumensis SK2 biofilm (white arrow on the right) attached to corksorb in the vicinity of a 
carbonaceous n-alkane plate (white arrow on the left), 100 µm; and (F) A. borkumensis SK2 biofilm (white 
arrow on the left) attached to a carbonaceous n-alkane plate (white arrow on the right), 50 µm. 
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Table 8 - List of downregulated genes related to pili formation and respective functional annotation obtained 
when Alcanivorax borkumensis SK2 was incubated in the presence of corksorb relative to the control assay 
without corksorb. 
 

 

 

 

 

 

Gene identifier 
(Locus tag) 

Number of times genes 
are downregulated 

Annotation against 
UniProt database 

Annotation against COG 
and TIGRFAM databases 

ABO_RS02430 12 
UPI00031985B5: 
Uncharacterized protein; 
GspH/FimT family pseudopilin 

COG4970: Type IV pilus 
assembly protein FimT 

ABO_RS02420 5 
Q0VSD3: Pilin biogenesis 
related protein 

COG3419: Type IV pilus 
assembly protein, tip-associated 
adhesin PilY1 

ABO_RS02400 5 
Q0VSD7: Pilus biogenesis 
protein 

COG4970: Type IV pilus 
assembly protein FimT 

ABO_RS02425 5 
UPI0005A1964E: Type IV pilin 
protein;secretion protein 

COG4968: Type IV pilus 
assembly protein PilE 

ABO_RS11470 4 
Q0VMB6: Type IV fimbrial 
biogenesis protein PilP 

COG3168: Type IV pilus 
assembly protein PilP 

ABO_RS11485 4 
Q0VMB3: Type IV fimbrial 
biogenesis protein PilM 

COG4972: Type IV pilus 
assembly protein, ATPase PilM; 
TIGR01175: Type IV pilus 
assembly protein PilM 

ABO_RS11480 4 
Q0VMB4: Type IV pili 
biogenesis protein PilN 

COG3166: Type IV pilus 
assembly protein PilN 

ABO_RS01120 3 
UPI0002E0144D: Type II 
secretion protein F 

COG4965: Flp pilus assembly 
protein TadB 

ABO_RS02405 3 
Q0VSD6: Uncharacterized 
protein 

COG4967: Type IV pilus 
assembly protein PilV; 
TIGR02523: Type IV pilus 
modification protein PilV 

ABO_RS03175 3 
Q0VRY5: Pilin protein family, 
putative 

COG4969: Type IV pilus 
assembly protein, major pilin PilA 

ABO_RS02410 3 

UPI0003154941: 
Uncharacterized protein;N-
terminal cleavage protein;PilW 
family protein 

COG4966: Type IV pilus 
assembly protein PilW; 
TIGR02532: prepilin-type N-
termina 

ABO_RS11475 2 
UPI0015687014: Type IV pilus 
biogenesis protein PilO 

COG3167: Type IV pilus 
assembly protein PilO 

ABO_RS11465 2 
Q0VMB7: Fimbrial assembly 
protein pilQ 

COG4796: Type II secretory 
pathway, component HofQ; 
TIGR02515: Type IV pilus 
secretin (or competence protein) 
PilQ. Members of this family 
include PilQ itself, which is a 
component of the Type IV pilus 
structure, from a number of 
species. 

ABO_RS01105 2 
UPI0011D0765B: pilus 
assembly protein N-terminal 
domain-containing protein 

COG4964: Flp pilus assembly 
protein, secretin CpaC 

ABO_RS01110 2 
Q0VT52: TadZ_N domain-
containing protein 

COG4963: Flp pilus assembly 
ATPase CpaE/TadZ, contains N-
terminal REC/TadZ_N domain 
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Biosurfactants have been demonstrated to efficiently emulsify hydrocarbons in several members 

of oil-degrading γ-Proteobacteria, facilitating hydrocarbon bioavailability, uptake, and 

biodegradation [166]. The biosurfactants produced by A. borkumensis SK2 are mainly glycolipids 

[167]. Here, we investigated if the genes coding for proteins involved in the production of glycolipid 

surfactants were differentially expressed by A. borkumensis SK2 in the presence of corksorb. 

Proteins involved in glycolipid surfactant production include glycoside hydrolases (also called 

glycosidases or glycosyl hydrolases), esterases, particularly lipases and also proteases and 

peptidases [168]. We found three upregulated hydrolases (locus tag: ABO_RS05215, 

ABO_RS00720, and ABO_RS10845) and four downregulated hydrolases (locus tag: 

ABO_RS04970, ABO_RS05665, ABO_RS07690, and ABO_RS12680) in the presence of 

corksorb. Three different esterases were downregulated (ABO_RS03820, ABO_RS08725, and 

ABO_RS10855) and none was upregulated. Similarly, no lipases were upregulated, and one 

phospholipase was downregulated (locus tag: ABO_RS13795). No proteases were differentially 

expressed and no peptidases were upregulated, although five peptidases were found to be 

downregulated (locus tag: ABO_RS03130, ABO_RS03780, ABO_RS08845, ABO_RS08840, and 

ABO_RS05575). In addition, two glycosyl transferases (locus tag: ABO_RS04745 and 

ABO_RS04860) were downregulated when the culture grows with corksorb. However, none of 

these enzymes are specifically described as involved in surfactant production. Nevertheless, a gene 

coding for an outer membrane protein (locus tag: ABO_RS05955), that according to Schneiker et 

al. [128] is possibly involved in emulsifier production, was found to be downregulated when A. 

borkumensis SK2 was incubated with corksorb. These results do not allow to conclude that the 

genes related to biosurfactant production are differentially expressed when corksorb is present. 

Also, the evolution of ST values, which is a direct measurement of biosurfactant activity, showed 

only minor differences between the cultures grown with and without corksorb (figure 9). 
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Figure 9 - Evolution of surface tension (ST) over time in cultures of A. borkumensis SK2 grown with alkanes 
in the absence (Ab-Alk, Δ) and presence of corksorb (Ab-Alk-CrkS, •). Control assays without alkanes (Ab-

Alk, ∗) are also shown. Results represent the average of three independent experiments ± standard 

deviation. 

 

 

The efficiency of a surfactant is determined by its ability to reduce the ST (e.g., an effective 

surfactant can lower the ST of water from 72 to 30 mN m−1 [169]. In our assays, the ST decreased 

to values of 43 ± 3 mN m−1 and 46 ± 7 mN m−1 in the presence and absence of corksorb, 

respectively, and these values remained approximately constant until the end of the experiment 

(figure 9). Transcriptomics and ST results show no evident relation between the improved activity 

of A. borkumensis SK2 in the presence of corksorb and the production of biosurfactants. 

 

3.3.4. Enrichment of native bacteria present in corksorb 
 

Bacterial communities’ composition analysis performed with samples from the growth and 

biodegradation experiments (see section 3.3.1) showed the presence of native bacteria in corksorb 

that were capable of growing in the conditions tested. Different bacterial populations were also 

found in cork-processing wastewaters by del Castillo et al. [170], which showed that some of the 

most prominent bacteria corresponded to well-known phenol-degrading organisms, namely, from 

the genera Ralstonia, Stenotrophomonas, Cupriavidus, and Lysobacter. Mesophilic isolates 

belonging to the genera Klebsiella, Pseudomonas, Stenotrophomonas, and Burkholderia, as well 

as thermophilic isolates of the Bacillus genus, were also obtained in enrichment cultures developed 
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from cork boiling wastewater using tannic acid as a selective carbon source [171]. If corksorb is 

used as a biosorbent in an oil spill scenario, the native bacteria from corksorb may be able to grow 

and contribute to hydrocarbon bioremediation, especially considering that the relative abundance 

of A. borkumensis at the moment of the oil spill is generally low. 

Microbial growth could be visually noticed in the cultures developed from corksorb using the 

mixture of alkanes as carbon source (figure 10). The microbial community was dominated by 

Ochrobactrum and Gordonia species, with 48,5 % and 43,1 % relative abundance, respectively 

(table 6). Pseudomonas and Microbacterium species were also present at lower relative 

abundances (i.e., 3,7 % and 3,3 %, respectively – table 6). 

 
 

 

Figure 10 - Growth of native bacteria from corksorb in the medium with alkanes. 
 

 

Bacteria from Ochrobactrum, Gordonia, Pseudomonas and Microbacterium genera, that were 

found in the enrichment cultures, are known for their capability to degrade hydrocarbons, and their 

presence in hydrocarbons contaminated environments has also been reported 

[172][173][174][175]. However, these bacteria were not detected in the first experiment. The 

different conditions applied during the enrichment process, when compared to those previously 

used, can be the explanation for the differences observed in terms of bacterial community 

composition. These results reinforce the presence of native bacteria in corksorb, some of which 

are able to grow using hydrocarbons and thus might influence the positive effect of corksorb in 

alkane degradation. 
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3.4. Conclusions 
 

In summary, this work shows that corksorb, currently used as oil-spill sorbent, herein contaminated 

with alkanes, can enhance bacterial growth and hydrocarbon biodegradation. The presence of 

corksorb was found to increase alkane degradation by R. opacus B4 and A. borkumensis SK2 

(model hydrocarbondegrading bacteria) in 6 and 24 %, respectively, relative to the assays without 

corksorb. The growth of A. borkumensis SK2 was enhanced 1,51 times in the presence of corksorb. 

It was also found in this work that the positive effect of corksorb is not related to the release of 

soluble compounds.  

The increased expression of genes coding for rRNA and tRNA (required for protein synthesis) and 

the decreased expression of genes involved in pili formation (associated with several cellular 

processes, namely, cell motility), together with biofilm formation as revealed by SEM, can possibly 

explain the higher growth and alkane degradation by A. borkumensis SK2 in the presence of 

corksorb. Additionally, the native bacteria present in corksorb can possibly have a role in 

hydrocarbon biodegradation and may assist in in situ bioremediation of oil-contaminated 

environments.  

Overall, the obtained results support a novel approach with potential to improve in situ marine 

bioremediation processes by coupling hydrocarbon sorption and biodegradation by 

hydrocarbonoclastic bacteria. This approach will generate lower amounts of oil-contaminated 

biosorbent than when only remediation by physical absorption is applied, thus representing a 

decrease in the costs associated with the treatment and regeneration of the oily biosorbent. 

Additionally, the oily biosorbent treatment can be performed ex situ by hydrocarbonoclastic bacteria 

that may convert the absorbed oil components into valuable compounds, such as lipids, biogas, or 

polyhydroxyalkanoates [131][176][177]  
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CHAPTER IV 
Bioremediation of Petroleum-
Contaminated Sediments: Effect of 
Conductive Nanomaterials 

 
  

The results of this chapter were included in: 

Cavaleiro AJ, Salvador AF, Martins G, Oliveira CC, Liu Y, Martins VR, Castro AR, 

Soares OSGP, Pereira MFRP, Pereira L, Langenhoff AAM, Pereira MA, Alves MM. 

(2020) Multi-walled carbon nanotubes enhance methanogenesis from diverse 

organic compounds in anaerobic sludge and river sediments. Applied Sciences-Basel, 

10(22), 8184. doi: https://doi.org/10.3390/app10228184 
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Abstract 
 

Anaerobic hydrocarbons degradation by the autochthonous microbial community present in river 

sediments, recently contaminated with oil was studied. In parallel, the potential of conductive 

nanomaterials (CNM) for enhancing anaerobic hydrocarbons degradation by this community and 

their conversion to methane was also investigated. The sediments were incubated in the absence 

or in the presence of CNM - magnetite (MG), carbon nanotubes (CNT) or carbon nanotubes 

impregnated with 2 % iron (CNT@Fe). All the nanomaterials were tested at a concentration of 0,5 

g L-1. Abiotic controls (AC) were also prepared by supplementing the microcosms with sodium azide 

and copper chloride. All the microcosms were incubated at room temperature, in the dark, without 

agitation. Methane production was measured during the experimental period. At each sampling 

point, pH and redox potential were immediately measured. Then, microcosms were sacrificed for 

total petroleum hydrocarbons (TPH) quantification, which were analyzed in the liquid and in the 

solid phases.  

TPH values quantified over time were not significantly different in all the conditions tested (including 

the AC), thus pointing to the absence of hydrocarbon-degrading activity in the sediments. 

Nevertheless, up to 10,2 and 4,5 times higher methane production was obtained after 169 days 

in the assays with CNT@Fe and CNT, respectively, when compared with the assays performed in 

the absence of nanomaterials (W/o CNM). Assays with MG and AC showed no methane production. 

These results point to a stimulatory effect of CNT@Fe and CNT on the degradation of non-

hydrocarbon organic compounds present in the sediments. 

 

Keywords: hydrocarbons, sediments, conductive nanomaterials, carbon nanotubes, magnetite. 
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4.1 Introduction 
 

Estuary zones have an important role as coastal transitional ecosystems between the terrestrial 

and marine environments, which are essential to maintain high degree of biodiversity by acting as 

nurseries for many different species [178]. They are susceptible to contamination since, due to 

their general favourable configuration, they are frequently chosen for the installation of ports and 

industries that pollute the area by their activities, and oil and its derivatives tend to accumulate in 

estuarine zones.  

Complex microbial communities of anaerobic microorganisms thriving in oil contaminated 

environments can use hydrocarbons for growth in the subsurface, driven by the presence of 

alternative electron acceptors other than oxygen, such as  nitrate, iron(III), sulphate and even under 

methanogenic conditions [12][17][64][179][180]. Autochthonous bacteria able to degrade 

hydrocarbons are naturally present in the environment, and also, in some ecosystems 

contaminated with hydrocarbons (long periods), may represent a dominant group [20]. Anaerobic 

hydrocarbons biodegradation is a slow process [86]. Over 100 days were necessary for the 

degradation of 1-hexadecene by methanogenic cultures [106][181], and longer periods of time 

(∼600-800) have been reported for the methanogenic degradation of hexadecane [28][105]. Dim 

growth of hydrocarbon-degrading microorganisms is usually related with low contaminants 

bioavailability, which may generate some limitations to in situ bioremediation, as the interaction 

between hydrocarbons and the organic fraction of sediments may decrease the accessibility of oil 

compounds to microorganisms and its enzymes. Stimulating the degradation processes in the 

polluted areas is required to shorten the contamination period. Therefore, stimulating anaerobic 

biodegradation of oils in the subsurface offers a worthwhile approach for hydrocarbons 

bioremediation of contaminated sites. Contaminated marine sediments with polycyclic aromatic 

hydrocarbons can be anaerobic biostimulated with reducing of its content by 55 % [182]. Applying 

rhamnolipids in anaerobic hydrocarbons degradation, in contaminated sediments of an oil field, 

decreased the medium surface tension increasing the desorption of TPH from the sediments and 

consequently hydrocarbons degradation, with degradation rates in nitrate and sulphate conditions 

of 32.2 % and 24 %, respectively [183].  

Different reports have showed that the presence of CNM improve the oxidation of diverse organic 

compounds such as lactate, ethanol, glucose, starch and oleic acid, at mesophilic and thermophilic 

temperatures [184][185][186][187]. Therefore, CNM may also be tested for improved 
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hydrocarbons oxidation. Some CNM, as for example magnetite (MG) or carbon nanotubes 

impregnated with 2 % iron (CNT@Fe), have magnetic properties that allow their recovery by 

applying a magnetic field, promoting its retrieval and further reuse [188]. Some CNM are present 

as ferric minerals, existing in nature both in soils and groundwater, and have an important role in 

several biogeochemical processes such as iron biomineralization [189]. MG nanoparticles are one 

of the most common minerals present in soils. MG nanoparticles that acted as electron acceptors 

were found to promote fast oxidation of ethanol (intermediary of anaerobic degradation of organic 

compounds) by members of the iron (III)-reducing bacteria, in paddy soil enrichments (obtained in 

the presence of MG nanoparticles and ethanol) and establishment of the syntrophic relationship of 

iron (III)-reducers with Methanobacterium via interspecies hydrogen transfer [190]. Even though 

the mechanisms behind the stimulatory effect of ferric minerals on microbial activity are not quite 

understood, they appear to depend on the crystallinity and conductivity of the iron(III) form [189].  

Some studies have also revealed that the addition of CNM to anaerobic cultures increased the 

methane production from fatty acids, possibly by facilitating direct interspecies electron transfer 

[189][191] since CNM are though to be capable of conducting electrons between the electron 

donating and accepting microorganisms [184][186]. This effect may be particularly relevant in 

syntrophic relationships, as e.g., the syntrophic cooperation between hydrocarbon degrading 

bacteria and methanogenic archaea in methanogenic environments [192][193][194]. As result, 

the hypothesis of CNM enhancing ex situ anaerobic bioremediation of oil-contaminated sites by 

stimulating syntrophic partnerships gain attention as research opportunity.  
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4.2. Materials and methods 
 

4.2.1. Sediments sampling 
 

After a recent oil spill in March of 2017 (probable origin: an used-oils deposit), contaminated 

sediments were collected from the middle intertidal zone of the Granja Beach (Vila Nova de Gaia, 

Portugal) at low tide, figure 11. Samples were collected at 2-12 cm depth, in three different spots, 

and transported to the laboratory at 4 °C. Then, sediment samples were combined, thoroughly 

homogenized and sieved through a 5 mm sieve. The homogenous sieved sediments were 

characterized in terms of organic matter content, total petroleum hydrocarbons (TPH), iron (II) and 

total iron content, and total phosphate. TPH content was measured in five replicas. 

 

4.2.2. Nanomaterials 
 

Three types of nanomaterials were used in this study: MG, carbon nanotubes (CNT) and carbon 

nanotubes impregnated with 2 % iron (CNT@Fe). CNT and CNT@Fe were synthesized and 

characterized as described by Pereira and collaborators [188]. MG (97 %) with 50-100 nm particle 

size was purchased at Sigma-Aldrich. All the nanomaterials were tested at a concentration of 0,5 

g L-1. 

 

4.2.3. Culture medium 
 

Basal medium was prepared as described by Stams and collaborators [195] and supplemented 

Figure 11 - Contaminated sediments in Granja beach, Vila Nova de Gaia, Northern Portugal. Samples 
were collected few days after the oil spill. 
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with vitamins and trace nutrients. The vitamins solution was added to the medium through sterilized 

syringe filters (0,2 μm cellulose acetate filter, Whatman, UK). Medium salinity was 0,3 g L-1 and 

no sulphate was present in the medium. Anaerobic conditions were promoted by boiling the 

medium prior to distribution in the bottles, to remove the dissolved oxygen. After boiling, the 

medium was transferred to serum bottles, which were sealed with butyl rubber stoppers and 

aluminium crimp caps. The bottles were then subjected to several cycles of vacuum and pressure 

using a Manifold apparatus with a N2/CO2 (80:20 % v/v) gas mixture. Final pressure was adjusted 

at 1,7x105 Pa at the end of the cycles. The bottles were then autoclaved at 121 °C for 20 minutes. 

Sterilized syringes and needles were used. 

 

4.2.4. Bioremediation assays 
 

Figure 12 represents an illustration of the experimental procedure. Microcosms were set-up in 220 

mL glass bottles, containing 25 g of contaminated sediments, 75 mL anaerobic basal medium and 

0,05 g of nanomaterial. Similar microcosms were prepared without adding the nanomaterial. In 

the abiotic microcosms, copper chloride (100 mg L-1) and sodium azide (2 g L-1) were added as 

inhibitors of the biological activity. Hexadecane was spiked at 0,5 g L-1 (50 mg) and no other carbon 

source was supplemented. Preparation of anaerobic microcosms required opening the bottles, 

containing the sterilized anaerobic medium, close to the flame to mix all the components with the 

medium. Then, the bottles’ headspace was flushed with a mixture of N2/CO2 (80:20 % v/v) using 

a portable Bunsen burner and sterile needles and filters (0,2 µm), and pressurized to a final 

pressure of 1,7x105 Pa. pH was measured and adjusted to 7,0-7,2 Assays were incubated at room 

temperature, in the dark and without agitation. No reducing agent was added. 

Nitrate, sulphate, iron (II) and total iron concentrations were measured at the beginning of the 

experiment, as well as pH and oxidation-reduction potential (ORP). At each sampling point (32, 92, 

204 and 504 days), methane concentration was first analysed in the headspace, and after, a 

sample was collected for immediate measurement of pH and ORP. Then, the whole content of two 

microcosms was sacrificed for TPH analysis. For that, the liquid and solid phases of the 

microcosms were separated by decantation. The liquid phase was acidified at pH 2,0 with HCl and 

preserved at 4 °C for future analysis. Later, from the stored samples, some were selected to 
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perform this analysis. The TPH in the solid phase were immediately extracted and analysed in all 

samples. 

 

Figure 12 – Ilustration of the experimental procedure and monitoring parameters performed.  

 

4.2.5. Analytical methods 
 

The pH and ORP parameters were measured by potentiometry with a pH probe (JENWAY, UK) and 

an ORP probe (VWR, USA), respectively, in 1 mL liquid samples taken from each microcosm. As 

described in [196], volatile solids content was quantified by gravimetry. Total phosphate was 

quantified using standard test kit (Hach Lange, Düsseldorf, Germany), after digestion with HCl at 

250 °C for 1 hour, as described by González and collaborators [197]. Nitrate concentration was 

measured by standard test kit (Hach Lange, Germany), through reaction of the sample with 2,6-

dimethylphenol. Sulphate reduction was assessed through the quantification of dissolved sulphide 

concentrations, using LCK 653 cuvette tests from Hach Lange, based on the methylene blue 

method in standard methods. The Hach Lange DR2800 spectrophotometer was used in these 

analyses. Iron(II) quantification was performed as described in Kaser and Coates [198]. Briefly, 

insoluble iron(II) present in the samples was solubilized during for 1-hour contact with HCl 0,5 mol 

L-1. Total iron(II) was then quantified spectrophotometrically at 562 nm after reaction with ferrozine 

(monosodium salt hydrate of 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p'-disulfonic acid) in 50 

mmol L-1 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES buffer) at pH 7,5. Iron(II) 

standards were prepared from ferrous ethylenediammonium sulphate. Total iron content was 

measured in samples solubilized with HCl 0,5 mol L-1 for 24 hours. The acid extract was then 
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reacted with hydroxylamine-HCl, which reduces iron(III) to iron (II), and the ferrozine an alysis was 

run again. 

Total petroleum hydrocarbon (TPH) were quantified in solid and liquid phases. Solid phase TPH 

extraction was performed as described by Siddique and collaborators [199], i.e., samples were 

putted in contact with the solvent mixture in a closed bottle, at room temperature during 4 hours, 

at 180 min-1, after which the organic and aqueous phases were separated. TPH in liquid samples 

were sequentially extracted three times using hexane in separatory funnels, based on the method 

described by U.S. Environmental Protection Agency [200]. A 10 g L-1 solution of heptadecane (C17) 

in hexane was prepared and used as surrogate to evaluate the extraction efficiency. The extracts 

were cleaned with Sep-Pak Florisil cartridges (Waters, Milford, MA)) and analysed by gas 

chromatography (GC Varian® star 3400 CX, USA), according with ISO 9377-2:2000 [201], using a 

VF-1 ms column (Agilent, USA) 30 m × 0.025 mm and a flame ionization detector (FID). Helium 

was used as carrier gas at 1 mL min−1. Detector and injector temperature were set at 300 °C and 

285 °C respectively. The column’s temperature was maintained at 60 °C for 1 min and then a 

temperature ramp of 8 °C min−1 was programmed, up to 290 °C. Undecane (C11) and 

tetracontane (C40) stock solution was used as GC internal standard, at a concentration of 380 mg 

L-1, in hexane. 

Methane concentration in the headspace of the bottles was measured using a gas chromatograph 

(Shimadzu, Kyoto, Japan) equipped with a flame ionization detector (FID) and a PoraPak Q column 

(80/100 mesh column, 2 m x 1/8 in, 2 mm, stainless steel) with nitrogen and argon as carrier 

gases at 30 mL min-1 and 5 mL min-1, respectively. The injector, column and detector temperatures 

were 110 °C, 35 °C and 220 °C, respectively. 

 

4.3. Results and Discussion 
 

Sediments were analysed in terms of total and volatile solids content, showing 874,0±3,0 g kg -1 

and 7,9±1,0 g kg-1, respectively. Therefore, these sediments presented a very low organic matter 

content (i.e., 0,8±0,1 % in wet weight and 0,9±0,1 % in dry weight). Phosphate, iron(II) and iron(III) 
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concentrations in the sediments were traceless. TPH content was analysed in five replicates, 

showing 2,9±0,3 g kg-1 of sediments (dry weight). In figure 13 it is shown an example of a 

chromatogram of the TPH extracted from the contaminated sediments, where it is possible to 

notice some GC-resolved compounds, as well as an elevation of the baseline (a lump) between the 

18 min and 35 min retention time. This portion of the chromatogram corresponds to an unresolved 

complex mixture, which has been reported for lubricant or diesel oils, and generally corresponds 

to compounds which are more resistant to biodegradation [18][202]. Considering the reduced 

number of resolved peaks, it is possible that the spill was from used/aged oils or lubricants. 

 

At the beginning of the experiment, pH was adjusted to around 7, which is important for 

methanogenic activity. At each sampling point, no relevant differences could be noticed between 

the biological and abiotic assays, but pH values tended to decrease slightly over time, reaching 

6,7-6,9 after 204 days of incubation in all conditions (data not shown). ORP started around +100 

mV and decreased to circa -100 to -200 mV (figure 14). Slightly higher ORP values were measured 

in the abiotic controls, possibly related with the absence of biological activity. 

C11 

C16 

C17 

C40 

Figure 13 - Example of a GC-FID chromatogram of TPH present in the contaminated sediments. Peaks 
at 5 min, 14 min and 56 min correspond to undecane (C11, lower integration limit), heptadecane (C17, 
extraction surrogate) and tetracontane (C40, upper integration limit), respectively. 
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Figure 14 - ORP values measured in the biological assays in the absence of nanomaterials (W/o CNM), 
and in the presence of CNT or CNT@Fe. 

 
Cumulative methane production was followed over time (figure 15). The values obtained were 

corrected for standard temperature and pressure (STP) conditions and expressed relatively to the 

working volume.  

 
Figure 15 - Cumulative methane production (at standard temperature and pressure conditions) in the 
assays performed in the absence of nanomaterials (W/o CNM), and in the presence of MG, CNT or CNT@Fe. 
Measurements in the respective abiotic controls AC-W/o CNM, AC-MG, AC-CNT, AC-CNT@Fe) are also 
shown. The results presented are the averages and standard deviations for triplicate assays. 
 

 

Higher methane production was attained in the assays with CNT@Fe and CNT, reaching 40,5±5,8 

mL L-1 and 18,0±8,0 mL L-1, respectively, after 169 days (figure 15). In comparison with the assays 

without nanomaterials, at the same time period (4,0±2,2 mL L-1), these value represented an 
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increment of methane concentration up to 10,2 times and 4,5 times, respectively. Methanogenic 

activity in the assays W/o CNM occurred mainly after 330 days of incubation (figure 15). These 

results suggest that conductive nanomaterials such as CNT@Fe and CNT may enhance anaerobic 

microbial activity in general, ultimately improving methane production, or may have a direct 

stimulatory effect over the methanogens. In fact, CNT were shown to enhance methane production 

in pure cultures of hydrogenotrophic methanogens [147] . MG seems to have inhibited the 

methanogenic activity, since in these assays almost no methane was produced, despite the fact 

that positive effects of (semi)conductive iron oxide minerals in methane production was previously 

reported for the conversion of butyrate or a mixture of acetate and ethanol to methane by soil 

enrichments [184] [203]. 

TPH analysis was performed in the solid and liquid phase, and the mass values thus obtained were 

used to calculate the total mass of TPH present in each microcosms. Similar analysis and 

calculations were made for the spiked hexadecane. All these values are presented in table 9 and 

table 10 and show the occurrence of variations in the TPH or hexadecane values retrieved from 

the solid phase. The possibility of hydrocarbons adsorption by the nanomaterials does not seem 

relevant, since the low amount of nanomaterials used in these experiments should not be sufficient 

to justify these fluctuations in the measured values, and these were also observed in the assays 

W/o CNM. Despite these changes, in most situations the total mass of hexadecane or TPH in the 

microcosms (correspondent to the sum of the values obtained in the solid and liquid phases) stayed 

relatively constant along the time and for all the conditions studied, revealing some phase exchange 

dynamics in the microcosms. Overall, total hexadecane and TPH averaged 67,4±8,4 mg and 

259,8±46,1 mg, respectively. Both biotic and abiotic assays demonstrate a similar behaviour, 

suggesting the absence of hydrocarbons biodegradation. 

This hypothesis is supported by the methane production on the microcosms as the stoichiometric 

conversion of hydrocarbons (estimated using hexadecane as model compound, equation 1) did not 

have its correspondence on methane production, suggesting instead the conversion to methane of 

some more biodegradable organic matter present in the sediments. In fact, from the stoichiometry 

of the reaction, 1,225 mL of methane at STP conditions could be expected per mg of hexadecane. 

Considering that total hexadecane and total TPH values measured in all the microcosms varied 

between 56-86 mg and 157-341 mg, respectively, cumulative methane production (at STP) 

between 678-1041 mL L-1 and 1900-4126 mL L-1 (expressed relatively to the working volume) could 

be expected from these two groups of hydrocarbons, respectively. These values are much higher 
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than the measured ones. On the other hand, the estimated amounts of organic matter in the 

microcosms (which is generally easier to biodegrade), could potentially generate 690 mL L -1 of 

methane (at STP). 

C16H34 + 11,25 H2O  3,75 HCO3
- + 12,25 CH4 + 3,75 H+ (Equation 1) 

 

As discussed before, the chromatogram of figure 13 suggests that TPH were probably from aged 

oils or lubricants, most possibly composed by compounds difficult to biodegrade. On the other 

hand, hexadecane is a very stable compound, difficult to activate. Nevertheless, the main reason 

for the lack of biological degradation probably relies on the absence of a microbial community with 

the capacity for hydrocarbons degradation. Samples for microbial community analysis were 

preserved over the experiment, which may contribute to validate this hypothesis. 
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Table 9 - TPH mass retrieved from solid and liquid phase, for all the conditions studied. The sum of TPH mass retrieved from solid and liquid phases is also shown when 
extractions from both phases were performed. 

 
TPH mass (mg) 

T1 – 32 days T2 – 92 days T3 – 204 days T4 – 504 days 

SAMPLE/REPLICA solid Average Liquid TOTAL solid average liquid TOTAL solid average liquid TOTAL solid average 

NA 1 207,3 
225,2±17,9 

- - 87,4 
77,4±10,0 

- - 145,3 
138,6±6,7 

- - 61,0 
61,7±0,7 

NA 2 243,0 26,8 269,9 67,4 - - 131,9 138,4 270,3 62,5 

AC NA 1 213,6 
241,8±28,2 

- - 93,2 
92,5±0,7 

- - 138,9 
141,4±2,6 

- - 44,6 
44,6 

AC NA 2 270,0 - - 91,9 - - 144,0 - - - 

CNT 1 199,0 
212,8±13,8 

- - 145,8 
149,9±4,1 

124,2 270,0 131,1 
124,9±6,2 

- - 22,0 
37,1±15,1 

CNT 2 226,6 114,1 340,7 154,0 - - 118,7 38,0 156,7 52,3 

AC CNT 1 203,2 
195,3±7,8 

- - 118,5 
117,3±1,2 

98,6 217,1 134,4 
136,6±2,2 

- - 57,5 
57,5 

AC CNT 2 187,5 - - 116,1 - - 138,8 - - - 

MG 1 220,8 
209,6±11,1 

31,7 252,5 67,4 
69,1±1,7 

- - 182,4 
189,8±7,4 

96,1 278,5 68,2 
69,3±1,1 

MG 2 198,5 - - 70,9 - - 197,2 - - 70,4 

AC MG 1 194,1 
216,3±22,1 

- - 50,7 
67,7±17,1 

- - 156,6 
166,0±9,4 

- - 54,6 
54,6 

AC MG 2 238,4 - - 84,8 - - 175,4 - - - 

CNT@Fe 1 189,8 
196,9±7,0 

- - 135,3 
138,3±3,1 

- - 127,1 
136,0±8,9 

134,0 261,1 53,7 
56,7±3,1 

CNT@Fe 2 203,9 20,0 223,9 141,4 116,6 257,9 145,0 101,1 246,1 59,8 

AC CNT@Fe 1 217,8 
212,8±4,9 

122,0 339,8 203,9 
166,4±37,5 

- - 100,2 
123,4±23,2 

- - 45,9 
45,9 

AC CNT@Fe 2 207,9 - - 128,9 124,2 253,1 146,5 - - - 
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Table 10 - Hexadecane mass retrieved from solid and liquid phase, for all the conditions studied. The sum of hexadecane mass retrieved from solid and liquid phases is also 
shown when extractions from both phases were performed. 

 
Hexadecane mass (mg) 

T1 – 32 days T2 – 92 days T3 – 204 days T4 – 504 days 

SAMPLE/REPLICA solid Average liquid TOTAL solid average liquid TOTAL solid average liquid TOTAL solid average 

NA 1 38,3 
39,2±0,9 

  75,5 
75,2±0,3 

  46,3 
50,6±4,3 

  40,2 
35,4±4,8 

NA 2 40,0 27,1 67,1 74,9   55,0 2,4 57,3 30,6 

AC NA 1 29,2 
34,9±5,7 

  68,8 
71,1±2,4 

  62,9 
61,8±1,1 

  32,8 
32,8 

AC NA 2 40,6   73,5   60,7    

CNT 1 59,9 
63,6±3,7 

  56,1 
66,6±10,6 

0,3 56,4 66,5 
64,1±2,3 

  54,7 
46,7±8,1 

CNT 2 67,4 0,8 68,2 77,2   61,8 11,3 73,2 38,6 

AC CNT 1 61,8 
54,2±7,6 

  68,5 
69,5±1,0 

0,6 69,1 49,6 
56,6±7,0 

  44,0 
44,0 

AC CNT 2 46,6   70,5   63,5    

MG 1 46,8 
39,8±7,0 

12,0 58,8 69,5 
66,4±3,1 

  75,7 
81,0±5,3 

  54,2 
46,4±7,8 

MG 2 32,7   63,4   86,3   38,6 

AC MG 1 56,4 
52,3±4,1 

  69,5 
69,7±0,2 

  71,6 
72,2±0,6 

  41,5 
41,5 

AC MG 2 48,3   69,9   72,8    

CNT@Fe 1 48,1 
52,3±4,2 

  60,1 
61,9±1,8 

  78,4 
82,0±3,6 

1,2 79,6 44,9 
49,4±4,5 

CNT@Fe 2 56,5 8,1 64,6 63,7 0,4 64,1 85,6 0,2 85,8 53,9 

AC CNT@Fe 1 67,1 
59,3±7,8 

0,9 68,0 72,6 
67,8±4,8 

  63,4 
68,7±5,3 

  45,6 
45,6 

AC CNT@Fe 2 51,6   63,0 1,4 64,5 74,0    
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4.4 Conclusions 
 

Recent contaminated sites by hydrocarbons are a major problem that requires bold approaches to 

reduce or avoid the toxicity to the environment. Ex situ anaerobic bioremediation of these oil-

contaminated matrixes may combine their treatment with methane production. Nevertheless, these are 

generally slow processes and thus, in this work, CNM addition was tested as a strategy to enhance 

hydrocarbons conversion to methane. 

TPH and hexadecane mass values, retrieved from the solid or liquid phases of the microcosms, 

presented slight variations over the time. However, the total mass of these compounds (i.e., the sum 

of the values obtained from the solid and liquid phases) did not showed important changes for all 

conditions tested, both in biological assays and abiotic controls, which point to the absence of 

hydrocarbons degradation. 

Nevertheless, assays amended with CNT@Fe reached a cumulative methane production of 40,5±5,8 

mL L-1 after 169 days of incubation, which was 10,2 times higher when compared with the assays W/o 

CNM. In the presence of CNT, cumulative methane production reached 18,0±8,0 mL L -1 at the same 

time point, which represented an increase of 4,5 times relatively and W/o CNM assays. Methanogenic 

activity in the assays W/o CNM occurred mainly after 330 days of incubation. MG seems to have 

inhibited the methane production by this microbial community. 

These results show that CNT@Fe and CNT stimulated the methanogenic activity of the autochthonous 

microbial community and thus it would be an interesting approach to combined these nanomaterials 

with bioaugmentation with bacterial strains capable of performing hydrocarbons biodegradation, 

boosting ex situ anaerobic treatment of these contaminated matrixes coupled to value recover as 

biogas.  
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CHAPTER V  
Microbial Conversion of Oily Wastes to 
Methane: Effect of Conductive Ferric 
Nanomaterials 
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Castro, M. Gonçalves and A.L. Fernando (Eds.), CRC Press, Taylor & Francis Group, 

London, UK., 339-345. 
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Abstract 
 

Petroleum-based oily wastes are generated by the oil industry and can be treated/valorized by 

anaerobic microbial conversion to methane. However, this process is generally slow. Conductive 

nanomaterials were reported to accelerate the interspecies electron transfer in anaerobic communities 

and therefore their addition to anaerobic processes treating hydrocarbons may also be advantageous. 

In this work, two conductive ferric nanomaterials (magnetite and carbon nanotubes impregnated with 

2 % iron) were tested in microcosms amended with hexadecane and 1-hexadecene. Assays were also 

made with palmitate, acetate and H2/CO2, which are intermediates of hydrocarbons biodegradation. 

Apart from hexadecane, methane was produced at close-to-stoichiometric amounts for each of the 

substrates tested. Methane production rates were similar with and without the nanomaterials, possibly 

due to the inability of the microorganisms to receive/transfer electrons to the materials in this microbial 

community, suggesting that electron transfer occurred indirectly via soluble electron shuttles (e.g., 

hydrogen or formate). 
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5.1. Introduction 
 

The intense activity of the oil industry generates substantial amounts of petroleum-based oily wastes 

[204][205]. The management of these wastes is a concerning issue in the oil and gas sector, currently 

restricted by stringent regulations. Anaerobic treatment of these oily wastes is an attractive option since 

it can couple organic treatment with the recovery of bioenergy through methane production. 

Hydrocarbons biodegradation to methane is performed by complex microbial communities, where 

different groups of microorganisms interact in a series of metabolic steps that culminate in methane 

production. After hydrocarbons activation, these compounds are converted into smaller molecules such 

as short-chain fatty acids, alcohols or hydrogen by fermentative bacteria [206]. Further degradation of 

these intermediates to methane is restricted by thermodynamics, and only becomes feasible when 

hydrogenotrophic methanogens are present, decreasing the hydrogen partial pressure [206]. 

Therefore, a close syntrophic relationship between bacteria and methanogenic archaea is essential 

[206]. The overall syntrophic reactions yield extremely low Gibbs free energy, and thus methanogenic 

hydrocarbon degradation typically proceeds at very low rates [206]. 

Iron oxide nanomaterials exist in many forms in nature, e.g., magnetite (Fe3O4), maghemite (γ-Fe2O3), 

and hematite (α-Fe2O3) are the most common forms. Iron oxide nanomaterials presents low toxicity, 

chemical inertness and biocompatibility, which shows an enormous potential in combination with 

biotechnology [207]. Iron oxide nanomaterials have wide application in wastewater treatment. 

Magnetism is a unique physical property which could influence the property of the pollutants in the 

water [208]. Magnetism reduce the cost on the recycling of materials. Iron oxide nanomaterials are 

used as nanosorbents for heavy metals and organic compounds [209][210]. Iron oxide nanomaterials 

coated with carbon materials integrate the abilities from carbon nanomaterials and iron oxide 

nanomaterials. The modification and chemical treatment can enhance the ability of iron oxide NMs, 

like absorption capacity, biocompatibility. It has been applied on extracting of trace polycyclic aromatic 

hydrocarbons and reduction of industrial dye [210][189]. 

Conductive ferric minerals have been reported to accelerate the syntrophic conversion to methane of 

diverse substrates, such as volatile fatty acids (acetate, propionate and butyrate) and benzoate (an 

intermediate of benzene degradation), as reviewed recently by Martins and collaborators [189]. 

However, the role of these materials on syntrophic hydrocarbons biodegradation to methane has never 

been studied. The mechanisms underlying the stimulating effects of ferric minerals are not clearly 
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understood and appear to depend on the crystallinity and conductivity of the iron(III) form. Several 

authors suggested that conductive ferric minerals may stimulate direct interspecies electron transfer 

(DIET) in syntrophic processes, by conducting the electrons between electron donating and electron 

accepting microorganisms [184][186]. A similar effect was also described for some conductive carbon 

materials, namely granular activated carbon, biochar and carbon cloth [189], but recently Salvador 

and collaborators [147] showed that conductive multi-walled carbon nanotubes (CNT) can directly 

stimulate methanogens when grown in pure culture, which may constitute an alternative or 

complementary mechanism of methanogenesis stimulation. Preliminary results in our research group 

also showed higher methane production rates in pure cultures of methanogens amended with magnetic 

CNT@Fe (CNT impregnated with 2 % of iron).  

The potential of two different conductive ferric nanomaterials (magnetite (MG) and CNT@Fe) to 

accelerate hydrocarbons biodegradation to methane was investigated in this work. The two 

nanomaterials chosen present magnetic properties, which facilitate their recovery in waste treatment 

processes by applying a magnetic field [188]. No toxic effects of these materials to the environment 

have been reported. 

5.2. Materials and methods 
 

5.2.1. Conductive ferric nanomaterials 
 

MG (97 %, Sigma-Aldrich, 50-100 nm particle size) and CNT@Fe were tested in this study. The CNT@Fe 

were synthesized at the University of Porto, and their characterization was published by Pereira and 

collaborators [188]. 

 

5.2.2. Effect of conductive ferric nanomaterials on anaerobic 
hydrocarbons degradation 

 

Anaerobic microcosms were prepared in 120 mL glass bottles containing the nanomaterial (MG or 

CNT@Fe, 1 g L-1) and anaerobic bicarbonate buffered mineral salt medium (50 mL, as described by 

Paulo and collaborators [106]). Sludge from a real treatment plant performing ex situ bioremediation 

of hydrocarbon-contaminated groundwater was mixed with granular sludge from the sludge digester of 
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a brewery wastewater treatment plant (1:3 v/v), and used as inoculum (5 g) at a final volatile solids 

(VS) content of 5 g L-1, in the microcosms. The presence of hexane-extractable hydrocarbons in the 

sludge from the real treatment plant was confirmed by GC analysis (figure 16), corresponding to a total 

petroleum hydrocarbons (TPH) content of 0,08±0,03 g g-1 (wet weight). The bottles were sealed with 

Viton rubber stoppers and aluminium crimp caps, and the headspace was flushed with N2/CO2 (80:20 

% v/v), at a final pressure of 1,7x105 Pa. Before incubation, the medium was reduced with Na2S.9H2O 

(0,8 mmol L-1). 

Hexadecane (99 %, Sigma-Aldrich, 1 mmol L-1) or 1-hexadecene (99 %, Sigma-Aldrich, 1 mmol L-1) were 

added as model hydrocarbons. Assays amended with sodium palmitate (≥ 98,5 %, Fluka, 1 mmol L-1), 

H2/CO2 (80:20 % v/v, 1,7x105 Pa final pressure) or acetate (99 %, Sigma-Aldrich, 20 mmol L-1) were 

also performed. In the assays with sodium palmitate, after 54 days of incubation the added substrate 

was completely degraded, and thus a second addition of this electron donor was performed. For that, 

the headspace of the bottles was flushed and pressurized with N2/CO2 (80:20 % v/v, 1,7x105 Pa) under 

sterile conditions before new substrate addition. Control assays without nanomaterials and blank 

assays without any added substrate were also prepared. All tests were performed in triplicate. The 

bottles were incubated upside down at 37 °C, with shaking (120 min-1) in the dark. Methane production 

was measured along the time; volatile fatty acids (VFA) and hydrocarbons concentrations were 

quantified at the end of the experiments. 

Figure 16 - GC chromatogram of TPH extracted from 20 g of sludge obtained from a groundwater 
treatment plant performing ex situ bioremediation. Retention time for undecane (C11) and tetracontane 
(C40) are 5 and 50,2 minutes, respectively. 
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5.2.3. Analytical methods 
 

Methane concentration in bottles headspace was measured using a gas chromatograph (Shimadzu, 

Kyoto, Japan) equipped with a flame ionization detector (FID) and a PoraPak Q column (80/100 mesh 

column, 2 m x 1/8 in, 2 mm, stainless steel) with nitrogen and argon as carrier gases at 30 mL min -1 

and 5 mL min-1, respectively. The injector, column and detector temperatures were 110 °C, 35 °C and 

220 °C, respectively. VFA were quantified in liquid samples after centrifugation and filtration by high-

performance liquid chromatography (HPLC Jasco equipment) with UV detection, as described by Paulo 

and collaborators [106]. Hydrocarbons were analysed in the liquid and solid phases of the microcosms, 

which were separated by decantation. The liquid samples were sequentially extracted three times with 

hexane using separatory funnels, as described by Castro and collaborators [211]. The solid samples 

were shaken with hexane for 4 hours at 120 rotations per minute in Schott flasks [199]. All the extracts 

were cleaned using Sep-Pak Florisil® cartridges (Waters, Milford, MA) and evaporated in TurboVap® 

LV (Biotage, Uppsala, Sweden). Hydrocarbons were quantified in a gas chromatograph with a FID, as 

detailed in Paulo and collaborators [106].  

5.3. Results and Discussion 
 

Anaerobic conversion of hydrocarbons to methane has been described as a syntrophic process. 

Therefore, the presence of an active methanogenic community is essential for ex-tensive biodegradation 

of these compounds. The methanogenic activity of the inoculum used in this study was evaluated in 

microcosms supplemented with acetate (figure 17a) or with a mixture of H2/CO2 (figure 17b), either in 

the presence or absence of the conductive ferric nanomaterials.  
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In the absence of nanomaterials, the cumulative methane production stabilized after 35-45 hours and 

after 5 hours of incubation in the assays supplemented with acetate and H2/CO2, respectively (figure 

17a and 17b), corresponding to a methanogenic activity of 9,2±0,6 and 125.2±19 mmol L-1 day-1. The 

addition of CNT@Fe accelerated acetoclastic methanogenesis up to 13,7±0,4 mmol L-1 day-1, 

representing a 1,5 times faster methane production comparatively to the assays with magnetite or in 

the absence of the materials. The addition of the nanomaterials did not stimulate the methane 

production from H2/CO2 (Figure 17b), possibly due to the good initial activity of the hydrogenotrophic 

methanogenic community. 

High methane production (16±2 mmol L-1) was measured in the blank assays during the first 19 days 

of incubation (figures 18 and 19), being similar either in the presence or in the absence of 

nanomaterials. As such, average values were calculated with all the blanks (figures 18 and 19). The 

residual substrate was composed by hydrocarbons (figure 16) and probably by other more easily 

biodegradable compounds. After this period, methane production proceeded at a much slower rate, 

probably deriving from more recalcitrant compounds or from the mineralization of dead cells 

(endogenous respiration).  

In the assays with palmitate (figure 18), the cumulative methane production measured after 19 days 

(discounting the methane produced in the blanks in the same time period) accounted for the 

degradation of 64-95 % of the added substrate, considering the stoichiometry of palmitate conversion 

to methane (equation 2).  

C16H31O2
- + 7 H2O + H+      11,5 CH4+ 4,5 CO2 (2) 

 

Figure 17 - Cumulative methane production in the assays amended with acetate (a) or H2/CO2 (b). The results 

presented are the averages and standard deviations for triplicate assays. 
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Moreover, more than 50 % of the palmitate had been degraded to methane already after 8 days of 

incubation. These results show that the microbial community present was capable of effectively 

degrading LCFA and performing efficiently the necessary syntrophic relationships between the LCFA-

degrading bacteria and the methanogens. Considering that the presence of residual substrate could 

influence the observed methane production rates, a second palmitate addition (marked with the vertical 

dotted line in figure 18) was made, that confirmed the previous observations. No VFA were detected in 

the medium before the second substrate addition, neither at the end of the incubations. This efficient 

conversion of intermediates to methane suggests an efficient electron transfer and is probably the 

reason why the addition of the nanomaterials did not improve the methane production from palmitate 

(figure 18). 

 

Figure 18 - Cumulative methane production in the assays amended with palmitate and in the blank assays. 
For the blanks, the values shown represent the average of all the assays performed (in the presence and in the 
absence of nanomaterials). The vertical dotted line represents the moment of second palmitate addition. 

 

In the assays amended with 1-hexadecene, the cumulative methane production measured in the first 

80 days of incubation was similar or slightly lower than the values recorded in the blanks (figure 19). 

This suggests that the added hydrocarbon was not being degraded and even slightly inhibited the 

degradation of the residual substrate. After that and until day 163 of incubation (i.e., in 84 days) 

methane was produced in accumulated amounts that match the theoretical value expected from the 

degradation of the added 1-hexadecene (equation 3). 
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C16H32 + 8H2O     12 CH4+ 4CO2 (3)  

 
The almost complete 1-hexadecene biodegradation was confirmed by GC analysis, which showed the 

absence of this compound in the liquid and solid phases of all the assays, with the exception of the 

solid phase of CNT@Fe assays, where it could be detected in low amounts (figure 20). Moreover, no 

VFA could be detected in the medium at the end of the experiments.  

 

 

 

Figure 19 - Cumulative methane production in the assays amended with 1-hexadecene and in the blank assays. 
For the blanks, the values shown represent the average of all the assays performed (in the presence and in the 
absence of nanomaterials). 

 

These are interesting results, since methanogenic degradation of 1-hexadecene is reported as a slow 

process, generally requiring more than 100 days for the complete conversion of 1 to 2 mmol L-1 to 

methane [106][181]. Again, the observed absence of stimulatory effect of the nanomaterials on the 

methanogenesis can possibly be due to the occurrence of indirect interspecies electron transfer via 

soluble electron shuttles (e.g., hydrogen or formate). Moreover, the microorganisms present in the 

community may not be able to transfer/receive the electrons to/from the materials. Not all 

microorganisms are able to perform DIET, and the research available suggests that this may be the 

case for most of the anaerobic microorganisms. In fact, DIET was only clearly demonstrated in co-
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cultures of Geobacter metallireducens with Methanosaeta harundinacea or Methanosarcina barkeri, 

and frequently Geobacter sp. (the most well know electroactive microorganisms) are not detected in 

improved methane production driven systems [189]. In addition, experimental evidences point out for 

the inability of some Syntrophomonas [147] and Pelobacter species [212] to participate in DIET. 

In the assays with hexadecane, methane production was similar in all the experiments, including in the 

blanks, which suggests the absence of hexadecane biodegradation. This is probably related with the 

fact that hexadecane is highly stable and inert, and other authors have reported very long incubation 

periods (e.g., 810 days, [28]) as necessary for the conversion of hexadecane to methane in batch 

assays similar to the ones performed in this experiment.  

 

 
 

Figure 20 - GC chromatograms of TPH extracted from the solid phase of the microcosms amended with 1-
hexadecene, at the end of the assays: without nanomaterials (A), with magnetite (B), with CNT@2%Fe (C) and 
blank (D). Retention time for undecane (C11) and tetracontane (C40) are 5 and 50,2 minutes, respectively. The 
chromatogram of an alkanes’ mixture, containing 1-hexadecene and hexadecane at 100 mg L-1 each, was also 
included, for comparison (E). 
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5.4 Conclusions 
 

The methanogenic community studied exhibited good syntrophic and methanogenic activity, being 

capable of performing palmitate and 1-hexadecene conversion to methane in less than 13 and 84 days, 

respectively. A stimulating effect of the nanomaterials on the metabolism of this microbial community 

was not observed, possibly due to the occurrence of indirect interspecies electron transfer via soluble 

electron shuttles. A more detailed knowledge on the mechanisms underlying the effect of conductive 

material on methanogenesis, and of the microorganisms involved in these processes, is essential for 

the development of new strategies targeting the conversion of oily wastes to methane. 
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CHAPTER VI  
Final Conclusions and Future 
Perspectives  
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Environmental contamination by hydrocarbons is a major concern for today’s societies as oil spills 

cause significant damages into ecosystems affecting not only wildlife, but also mankind, with the 

release of toxic compounds that can affect people’s health. Hydrocarbons high energetic content can 

be exploited by several microorganisms, either aerobic or anaerobic, which are capable of degrading a 

variety of hydrocarbon-contaminated matrixes, wastes and wastewaters, with positive contribution for 

both in situ and ex situ decontamination processes. 

Aerobic and anaerobic hydrocarbons biodegradation were exploited in this research, and the results 

obtained showed that aerobic hydrocarbons degradation by A. borkumensis SK2 and R. opacus B4 

can be enhanced by using corksorb. Moreover, autochthonous bacteria present in this material may 

also have a role in hydrocarbons biodegradation. As different bacteria were found in corksorb assays it 

would be interesting to know how and where they are located through corksorb structure. 

Understanding the effects of corksorb in complex bacterial communities, namely on the autochthonous 

communities present in the environment, it is also important to improve bioremediation of 

hydrocarbons contaminated sites. Another interesting approach would be to inoculate the corksorb with 

hydrocarbonoclastic bacteria before applying it to the environment, working not only as biosorbent but 

also as bioaugmentation facilitator. Understand how corksorb and hydrocarbonoclastic bacteria interact 

when a complex mixture of hydrocarbons is the contaminant agent also constitute another challenging 

research opportunity. It would be also interesting to understand if and how corksorb could change 

microbial growth and hydrocarbons degradation in oil-contaminated soils, where phytoremediation is 

already in progress, as cork is a natural product and increases soil porosity. Corksorb autochthonous 

bacteria may augment the rhizosphere, helping these microbial communities in degrading 

hydrocarbons, enhancing in situ bioremediation. In addition, the application of this biosorbent in the 

operation of biological reactors treating hydrocarbon contaminated matrixes might as well improve the 

performance of these treatment systems and promote ex situ bioremediation of contaminated sites. 

Regarding anaerobic hydrocarbons degradation, CNM were tested as a possible strategy to improve 

and accelerate these biological reactions. These materials were not able to enhance hydrocarbons 

conversion to methane, neither by an autochthonous microbial community in hydrocarbon-

contaminated sediments, nor by sludge from wastewater treatment. Nevertheless, it is relevant to note 

that the presence of the nanomaterials did not induce any toxic effect on the methanogenic 

communities studied. Even more, in the experiments with the recently contaminated sediments, 

CNT@Fe and CNT stimulated the methanogenic activity of the autochthonous microbial community, 

an interesting effect that deserves more studies. The relevance of using CNM to stimulate the 
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methanogenic activity of mixed communities, and in particular of hydrocarbon-degrading communities, 

is largely dependent on the composition of the community itself. Therefore, detailed knowledge on the 

microorganisms involved in these processes is essential to assist on decision-making, as well as for 

the development of new strategies targeting the conversion of oily wastes to methane. It is important 

to investigate the reuse of biosorbents/nanomaterials in treatment/bioremediation processes of 

hydrocarbons, coupled with an economic viability study, which will allow to have an important notion 

of the costs implied at real scale applications. 

Further work on hydrocarbons biodegradation processes is required, as knowledge on aerobic or 

anaerobic mixed communities, as well as on microbial interactions, in oily-wastes treatment still needs 

to be improved. For that, the use of bioreactors could represent an important advancement e.g., 

bioreactors operation with petroleum-contaminated wastes. Facultative bacteria may assist in 

biosurfactants production as well as in the first steps of hydrocarbon activation and biodegradation and 

so, its incorporation/stimulation in biological processes may be advantageous. Methane production 

from hydrocarbon-contaminated wastes allows the retrieval of the energy value contained in oily-wastes, 

and thus is worth to be explored, contributing to promote the restoration of affected areas by oil 

contamination, combined with waste treatment and value recovery as methane, in ex situ 

bioremediation processes. 

The development of mathematical models may also contribute for the improvement of bioremediation 

strategies, working as tools for anticipating hydrocarbons removal, mobility and biodegradability in soils, 

sediments and groundwater after an oil spill. Mathematical models can also be applied for predicting 

the effectiveness of adding CNM to ex situ bioremediation systems, or other bioremediation strategies. 

Meta-omics analysis may also be an improvement in bioremediation strategies as diverse communities 

need to be study in order to understand which microorganisms are present and who is doing what, 

following the pathways of hydrocarbons degradation, constructing a microbial network. 

It is important to design and develop new strategies for enhance hydrocarbons bioremediation, as the 

recovery of polluted areas by natural processes is generally difficult and slow, as the world urges to 

find solutions for oil spills decontamination and treatment for the contaminated residues generated by 

those. 
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