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• Hydrocarbon-contaminated cork sor-
bents are conventionally submitted to
costly hazardous wastes treatments.

• Rhodococcus opacus B4 was able to effi-
ciently treat hexadecane-contaminated
cork wastes with concomitant lipids
production.

• Triacylglycerol (TAG) was the main
neutral lipid produced and palmitic
acid was the predominant fatty acid
present.

• Produced lipid-rich biomass can be used
as feedstocks for biofuels production.
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Thiswork demonstrates that cork used as oil-spill sorbents, contaminatedwith liquid hydrocarbons, herein dem-
onstrated with hexadecane, can be biologically treated by Rhodococcus opacus B4 with concomitant lipids pro-
duction. R. opacus B4 consumed up to 96% of hexadecane (C16) impregnated in natural and regranulated cork
sorbents after 48 h incubation, producing 0.59 ± 0.06 g of triacylglycerol (TAG) g−1 of C16 consumed with a
TAG content of 0.60 ± 0.06 g g−1 of cellular dry weight (CDW) and 0.54 ± 0.05 g TAG g−1 of C16 consumed
with a TAG content of 0.77 ± 0.04 g g−1 (CDW), respectively. TAG was mainly composed by fatty acids of 16
and 18 carbon chains demonstrating the feasibility of using it as raw material for biodiesel production. In addi-
tion, the obtained lipid-rich biomass (whole cells) can be used for biomethane production, at a yield of 0.4 L
CH4 g−1 (CDW).
The obtained results support a novel approach for management of oil-spill contaminated cork sorbents through
its valorisation by producing bacterial lipids, which can be used as feedstocks for biofuels production.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Increasingdemand for liquid petroleumhas intensified industrial ac-
tivities related to petroleum exploration increasing the risk of oil spill-
ages in land or in marine systems, accidentally or deliberately (Lucas
and MacGregor, 2006; Atlas, 1995). Crude oil is mainly composed by a
Departamento de Engenharia
mixture of hydrocarbons, with N20,000 chemical components
(Marshall and Rodgers, 2003). Release of these compounds into the en-
vironment is a serious pollution threat, resulting in a high negative im-
pact on the biotic and abiotic components of the ecosystems (Peterson
et al., 2003; Teal and Howarth, 1984). To mitigate this problem, several
technologies have been developed to treat hydrocarbon contaminated
environments, employing biological, physical, chemical and thermal
processes (Hu et al., 2013; Dewling, 1980). Among those, physical con-
tainment and recover, using a variety of equipment such as booms, bar-
riers, skimmers, as well as natural and synthetic absorbent materials,
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are usually in the primary line of defence against oil spills. They present
some advantages, since can be applied to all types of oils, no mainte-
nance is required and are simple to use (Dave, 2011).

Cork is a good natural absorbent due to their hydrophobic nature
(Silva et al., 2005) and is being used as biosorbent material in the treat-
ment of oil spills and leaks (Silva, 2007), oil-in-water emulsions (Souza
et al., 2016) and also vegetable oil refinery wastewaters (Pintor et al.,
2015). After use, oil contaminated cork residues are treated by conven-
tional physical-chemical methods, having an associated cost.

Rhodococcus are aerobic gram-positive bacteria widely distributed
through different environments such as soils, sediments and
water (Alvarez et al., 2004; Peng et al., 2008) and particularly in
hydrocarbon-contaminated ecosystems (Van Hamme et al., 2003). Be-
cause this genus possess many catabolic genes conferring the capacity
to transform a wide variety of pollutants including hydrocarbons,
(Larkin et al., 2010), several Rhodococcus strains are being study for bio-
remediation of hydrocarbon-contaminated sites and industrial waste-
waters (Auffret et al., 2014). Rhodococcus species are also interesting
because they can produce storage lipids compounds, especially TAG,
during cultivation on several carbon sources, including single hydrocar-
bons (Alvarez, 2003) and waste hydrocarbon mixtures (Da Silva et al.,
2016). Bacterial lipids are valuable compoundswith potential to replace
fossil resources in many industrial processes, in particularly in biofuels
production.

In this work, biological treatment of hydrocarbon-contaminated
cork sorbents for its valorization by bacterial lipids production was
assessed using R. opacus B4. The suitability of the produced lipids as
feedstock for biofuels production, namely biodiesel and biomethane,
was further evaluated.
2. Material and methods

2.1. Cork sorbents

Natural cork and regranulated corkwere tested. Natural cork can ab-
sorb five times its weight in oil while regranulated cork, due to a ther-
mal treatment at 450 °C can absorb ten times its weight in oil (Silva,
2007).These products are commercially available under the name
CORKSORB (https://www.corksorb.com/en). Both materials were pro-
vided by Cortiçeira Amorim, S.A., Portugal.
2.2. Bacterial strain, media and cultivation conditions

2.2.1. Strain and media
R. opacus B4 (NBRC 108011) was purchased from the National Insti-

tute of Technology and Evaluation, Biological Resource Center, Japan
(NBRC). This strain was selected due to the ability to produce lipid stor-
age compounds, namely TAG when cultivated on hexadecane (C16H34)
(Castro et al., 2016).

Mineral salts (MS) medium was used for cell maintenance and
growth (Schlegel et al., 1961). Hexadecane was chosen as a model con-
taminant since it is usually used as the main representative compound
of aliphatic hydrocarbons, one of the dominant groups found in crude
oil and derivatives (Pacini-Petitjeana et al., 2015). This compound was
used in the assays as carbon and energy source at 1 g L−1.
2.2.2. Preparation of seed culture
Cells from a single colony of R. opacus B4 grown onMSmedium agar

plates (1.5% agar) at 30 °Cduring 4 dayswere inoculated in 50mL of 802
medium (richmedium) in a 250mL flask. The seed culturewas incubat-
ed on a rotary shaker (150 rpm) at 30 °C until the middle of the expo-
nential growth phase was reached (48 h). Growth was determined by
measuring optical density at 600 nm wavelength with a spectropho-
tometer (U-1500 Hitachi, Tokyo, Japan).
2.2.3. Growth and lipid accumulation experiments
The experiments were carried out under sterile conditions, in dupli-

cate, using 250 mL conical flasks containing 50 mL of defined medium.
The cultures were incubated on a rotary shaker (150 rpm) at 30 °C.

Cells of seed culture were harvested, washed with sterile sodium
chloride solution (0.9%, w/v), and re-suspended in fresh MS medium.
Then, cells were used to inoculate flasks to an optical density at
600 nm (OD600nm) of 0.1 and cultivated in MS medium supplemented
with hexadecane (1 g L−1) as sole carbon source. Nitrogenwas supplied
at a molar carbon to nitrogen ratio of 4 (C/N=4). These conditions will
promote growth in order to have high amounts of biomass. Cells were
grown until the middle of the exponential growth phase which
corresponded to 150 h of cultivation. Cells from the grown inoculum
were thereafter collected by centrifugation (4 °C; 10 min, 10,000 g),
washed twice with sterile sodium chloride solution (0.9%, w/w) and
transferred to new flasks previously prepared with fresh MS medium
and cork contaminated with hexadecane. Considering the maximum
absorption capacity of both cork sorbents, 0.01 g of natural cork or
0.005 g of regranulated cork granules were weight together with
50 mg of hexadecane (final concentration of 1 g L−1 in the culture me-
dium) to the flasks. After 24 h of contact between cork and hexadecane,
MS medium containing nitrogen at a molar C/N ratio of 300 (storage
lipid accumulation conditions) was added.

In parallel, several control experiments were performed: 1) R.
opacus B4 growing on MS medium supplemented with hexadecane
0.1% (w/v) and without cork – B4·C16; 2) MS medium supplemented
with hexadecane 0.1% (w/v) and natural cork granules (NC) –
NC·C16; 3) MS medium supplemented with hexadecane 0.1% (w/v)
and regranulated cork granules (RC) – RC·C16; 4) MS medium supple-
mented with natural cork granules but without hexadecane – B4·NC
and 5) MS medium supplemented with regranulated cork granules
(RC) but without hexadecane – B4.RC. After 48 h of cultivation, cells
were harvested, washed and kept at−80 °C until further lyophilisation.

2.3. Analytical methods

2.3.1. Chemical oxygen demand (COD)
Chemical oxygen demand (COD)was determined using the cuvette-

test Lck414 (Hach-Lange, Germany). These measurements were made
in triplicate, using the manufacturer‘s procedures.

2.4. Hexadecane extraction and quantification

Hexadecane extraction and quantification was performed according
to Castro et al. (2016). Briefly, hexadecane in the culture medium was
sequentially extracted from each replicate flask (total content of the
flask analyzed) in a separation funnel using hexane as solvent.
Hexadecane concentration was determined in a gas chromatograph
coupled to a flame ionization detector (GC-FID) (GC Varian® star
3400CX, USA). The column used was the model VF-1 ms (Agilent,
USA) 30 m length long × 0.025 mm internal diameter, made from
fused silica coated with dimethylpolysiloxane as stationary phase.
Helium was used as carrier gas at a flow rate of 1 mL min−1. The tem-
perature of the detector and the injector were set at 300 and 285 °C, re-
spectively. The column's temperaturewasmaintained at 60 °C for 1min
and then raised up to 290 °C at a rate of 8 °C min−1.

2.5. Extraction and analysis of neutral lipids

2.5.1. Total lipid extraction
Total lipid were extracted from 10 mg of lyophilized cells (or cork

granules) using chloroform: methanol (2:1; v/v) as extraction solvent,
according to Folch method (Folch et al., 1957). The mixture was incu-
bated at room temperature with shaking for two hours. Afterwards,
the lipid extracts were separated from the cells by filtration through
glass wool and evaporated to dryness.

https://www.corksorb.com/en
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2.5.2. Neutral lipid analysis and TAG quantification
Detection of neutral lipids was performed using thin layer chroma-

tography (TLC) according to Alvarez et al. 1996. The solvent system:
hexane/diethyl ether/acetic acid (80:20:1, v/v/v) was used as mobile
phase for lipid classes separation. Neutral lipids were detected using io-
dine vapor as staining reagent. Olive oil, oleic acid, and oleyl oleatewere
used as standard substances for triacylglycerols (TAG), fatty acids (FA)
and wax esters (WE), respectively. TAG fraction was excised from TLC
plates, transferred to a Pasteur pipet filled with cotton wool and eluted
from the silica, using chloroform as solvent. Chloroformwas evaporated
and TAG further quantified gravimetrically.

2.6. Analysis of fatty acid content and composition

The experimental procedure used for analysis of fatty acid composi-
tion of cells and TAG isolated from cells of R. opacus (and from cork
granules) was done as described in Brandl et al., 1988 and Timm et al.,
1990. Briefly, samples were methylated using a mixture of methanol:
sulphuric acid (85/15 v/v) during 3.5 h at 100 °C.Methyl esterswere an-
alyzed in a GC-FID (Varian 3800) equipped with a CP-Sil 52 CB 30 m ×
0.32 mm × 0.25 μm capillary column (Teknokroma, TR-WAX) using
splitless mode. The identification of fatty acids was performed compar-
ing the respective retention factor values (Rf) to standard fatty acid
methyl esters.

2.7. Biochemical methane potential (BMP) assays

2.7.1. Inoculum and substrate
Lipid-rich biomass resulting from R. opacus B4 cultivation in

hexadecane-contaminated cork granuleswas assessed for the Biochem-
ical Methane Potential. A mixture of disrupted anaerobic granular
sludge, obtained from a brewery wastewater treatment plant, and ma-
nure (1:1, v/v) was used as inoculum in all BMP assays. The solids con-
tent was 31.9 g L−1 of total solids (TS) and 22.4 g L−1 of volatile solids
(VS). The specific methanogenic activity (SMA) in the presence of ace-
tate (30 mM) was 79.1 mL CH4 (STP) g−1 (VS) d−1 as was determined
according to Costa et al. (2012).

Each samplewas characterized in terms of chemical oxygen demand
(COD) and TAG content.

2.7.2. Experimental procedure
BMP assays were performed according to Angelidaki et al. (2009). A

working volume of 60mL and 20% (v/v) of inoculumwere used. The as-
says were performed at 37 °C. The lipid-rich biomass was added to
120 mL serum bottles containing basal medium. Basal medium pH
was adjusted to 7.0 using sodium hydroxide or hydrochloric acid
(2 mol L−1). The vials were sealed and the headspace flushed with
N2/CO2 (80:20 v/v). Prior to the assays, Na2S9H2O was added to the
basal medium, to a final concentration of 1 mmol L−1. All the assays
were performed in triplicate. A blank assay was performed in order to
subtract the residual substrate present in the inoculum. Avicel, mainly
composed by crystalline cellulose (average particle size 50 μm) was
used as control assay. The methane accumulated in the closed serum
bottles headspace was measured by gas chromatography (GC)
equippedwith aflame ionization detector (FID) using a gas tight syringe
to sample 500 μL. Methane production was corrected for standard tem-
perature and pressure (STP) conditions (0 °C and 1 bar). Biochemical
methane potential was defined as the volume of methane produced
per gram of substrate added to the assays, as expressed in Eq. 1:

MP ¼ CH4=g substrate ¼ Kg COD−CH4 � 350 L CH4=Kg CODð Þ
g substrate added

ð1Þ
2.8. Statistical analysis

Significant differences between samples were evaluated using two
factor analysis of variance (ANOVA), using SPSS 22.0.0 statistic software.
Statistical significance was established at the P b 0.05 level.

3. Results and discussion

3.1. Cork characterization

Cork sorbents used in this studywere characterized in terms of neu-
tral lipid composition (Table 1). TAG content in bothmaterials was low,
corresponding to about 7% and 9% of its weight in natural and
regranulated cork granules, respectively. Regarding fatty acid composi-
tion, short to medium length chain saturated and even-numbered fatty
acids were mainly detected in both materials, namely caprylic acid
(C8:0), capric acid (C10:0), lauric acid (C12:0) and myristic acid
(C14:0). In addition, oleic acid (C18:1), a long-chain unsaturated fatty
acid, was also detected in natural cork. The presence of fatty acids in
cork was already demonstrated by other authors, since they are one of
the principal components of the cork extractive fraction, solubilized in
low-polarity solvents, and also of suberin (Olivella et al., 2013; Şen
et al., 2010).

3.2. Consumption of hexadecane from contaminated cork sorbents by R.
opacus B4

The ability of R. opacus B4 to use hexadecane previously impregnat-
ed in the cork sorbents was assessed (Table 2). Since cork has a high af-
finity for hydrocarbons, a set of control experiments were performed to
evaluate hexadecane retention by each type of cork (NC_C16 for natural
cork and RC_C16 for regranulated cork granules). For natural cork, it
was found that 16% (±3%) of the hexadecane initially added could not
be recovered with the extraction procedure, while for regranulated
cork granules practically all hexadecane was recovered (98% ± 3% re-
covery). This difference may be related to the existence of larger pores
in regranulated cork granules, since high temperatures caused the ex-
pansion of cork cells, increasing its porosity and consequently lowering
diffusion limitations (Pintor et al., 2012). No changes were detected in
hexadecane concentration added to both cork types (experiments
NC_C16 and RC_C16) after the 48 h period of the experiment; the differ-
ences observed were within the percentages of hexadecane unrecov-
ered from the cork with the extraction procedure.

In the control experiments containing cork, without hexadecane,
and cells of R. opacus B4 used as inoculum (initial time), hexadecane
in concentrations of 0.256 g L−1 and 0.199 g L−1 was detected in
regranulated cork granules (B4_RC) and in natural cork (B4_NC), re-
spectively. These amounts of hexadecane derived from the growth
stage and were probably attached to R. opacus B4 cells. In the presence
of hydrocarbons, cells of several strains of Rhodococcus tend to aggre-
gate and consequently retain the hydrocarbon between cells due to
their high hydrophobicity (Binazadeh et al., 2009). After 48 h of cultiva-
tion, almost all residual hexadecane, derived from the growth stage, was
consumed by R. opacus B4 in the experiment containing natural cork
(97.6%), whereas in the one with regranulated cork granules, only
42.6% was degraded.

In the assays performed with hexadecane contaminated cork sor-
bents (B4_NC_C16 and B4_RC_C16) R. opacus B4 was able to consume
high levels of hexadecane, namely 94% in B4_NC_C16 and 96% in
B4_RC_C16. Without cork (B4_C16), 93% hexadecane consumption
was observed. These results clearly revealed that both types of cork
did not affect hexadecane degradation by R. opacus B4, indicating that
this strain can effectively be used in the treatment of hydrocarbon-
contaminated cork residues. The ability to access the hexadecane im-
pregnated in the cork may be related to the production of surfactants.
These compounds are produced by several strains of Rhodococcus (Pal



Table 1
Characterization of cork sorbents used in this study.

Material Relative proportion of fatty acids (%, w/w) COD
(g g−1)

TAG content
(g g−1)

C8:0 C10:0 C12:0 C14:0 C16:0 C16:1 C18:0 C18:1

Natural cork (NC) 16.6 29.6 17.9 13.1 – – – 22.8 0.55 0.072
Regranulated cork (RC) 20.5 37.5 24.4 17.6 – – – – 0.45 0.091

–Not detected.

680 A.R. Castro et al. / Science of the Total Environment 605–606 (2017) 677–682
et al., 2009; Pirog et al., 2013) and are known to emulsify hydrocarbons,
reducing surface tensions and thereby increasingmobility and solubility
of hydrocarbons (Al-Tahhan et al., 2000). In fact, it was previously dem-
onstrated that R. opacus B4 is able to stabilize water-in-oil emulsion,
promoting the bioconversion of water insoluble compounds, such as
hydrocarbons (Honda et al., 2008).

3.3. Production of neutral lipids from hexadecane-contaminated cork
sorbents by R. opacus B4

The capability of R. opacus B4 to accumulate lipid storage com-
pounds at the expense of hexadecane-contaminated cork sorbents
was evaluated. Fig. 1 shows the profiles of neutral lipid present in the
cells of R. opacus B4 under the tested conditions. Generally, TAG were
the main storage lipid compounds present, and no wax esters were de-
tected. Free fatty acids were also present in all conditions. A band of un-
known identity was detected between TAG and WE standards,
especially when cells of R. opacus B4 were cultivated with regranulated
cork and with natural cork not contaminated with hexadecane (lanes 5
and 6, respectively).

Table 3 presents TAG contents and yields of R. opacus B4 cells in all
tested conditions. It was observed that when grown cells of R. opacus
B4 were transferred to MS medium supplemented with 1 g L−1 of
hexadecane (B4_C16, initial time), TAG production amounted to
0.34 g g−1 cellular dry weight (CDW). This result indicated that TAG ac-
cumulation occurred already in the growth stage (C/N=4) and approx-
imately 0.94mg of TAG accumulated inside the cells were transferred to
the next cultivation stage. After 48 h of cultivation under nitrogen lim-
iting conditions (C/N = 300) there was a significant increase of TAG
production, reaching 0.47 g g−1 CDW (p b 0.05).

When R. opacus B4 was cultivated in the presence of each type of
cork without the addition of hexadecane, lower amounts of TAG were
detected, namely 0.25 g g−1 CDW in B4 _NC and 0.08 g g−1 CDW in
B4_RC (p b 0.05), indicating that this strain preferentially consume the
TAG previously stored in the growth stage instead of the residual
hexadecane transfer from that stage (57.4% not used in B4_RC assay,
corresponding to 0.147 g L−1, Table 2). It has been previously demon-
strated that strains of Rhodococcus can mobilize and use the
Table 2
Hexadecane consumption by cells of R. opacus B4 cultivated on hexadecane (B4_C16); on
hexadecane contaminated natural cork (B4_NC_C16); on hexadecane contaminated
regranulated cork (B4_RC_C16); on natural cork (B4_NC) and on regranulated cork
(B4_RC) without the addition of hexadecane. Experiments with regranulated cork con-
taminated with hexadecane (RC_C16) and with natural cork contaminated with
hexadecane (NC_C16) were performed to determine hexadecane retention in cork
sorbents.

Experiment Hexadecane concentration
(g L−1)

Hexadecane consumption (%)

0 h 48 h

B4_C16 1.07 ± 0.003 0.08 ± 0.040 92.45 ± 7.39
B4_RC_C16 0.92 ± 0.006 0.02 ± 0.002 96.04 ± 0.90
B4_NC_C16 0.81 ± 0.187 0.04 ± 0.007 93.94 ± 0.44
B4_RC 0.26a 0.15 ± 0.003 42.55 ± 2.00
B4_NC 0.20a 0.004 ± 0.001 97.62 ± 0.37
NC_C16 0.82 ± 0.028 0.72 ± 0.050 13.51 ± 3.38
RC_C16 1.02 ± 0.268 0.89 ± 0.378 4.79 ± 3.24

a Hexadecane from growth stage.
accumulated TAG in the absence of an external carbon source (Alvarez
et al., 2000). The results obtained in this study suggest that R. opacus
B4 uses the stored TAG as carbon source even before the external carbon
source, in this case hexadecane, is completely depleted from the
medium.

Cells of R. opacus B4 cultivated in the presence of regranulated cork
contaminated with hexadecane showed significantly higher TAG levels,
namely 0.77 g g−1 CDW (B4_RC_C16), than for natural cork contami-
nated with hexadecane (B4_NC_C16) which accumulated 0.60 g g−1

CDW (p b 0.05). This can be explained by the fact that lower amounts
of regranulated cork granules were used in the assays (since it has
higher absorption capacity), resulting in a lower total weight of cells
and cork than for natural cork contaminated with hexadecane
(B4_NC_C16).

TAG yields, expressed as grams of TAG formed per gram of
hexadecane consumed by R. opacus B4, were similar for both
hexadecane-contaminated cork sorbents, reaching 0.54 g g−1 and
0.59 g g−1 in the presence of contaminated regranulated cork granules
and natural cork, respectively. The lowest TAG yields were obtained for
R. opacus B4 cultivated on non-contaminated cork sorbents, since the
only residual amount of hexadecane available was the one transferred
from the growth stage.

3.4. Fatty acid composition of TAG produced by R. opacus B4

TAG composition in terms of fatty acids is a determinant factor in
several industrial applications. The fatty acid composition of TAG frac-
tion in cells of R. opacus B4 is presented in Table 4. In all tested condi-
tions, palmitic acid (C16:0) was the main fatty acid detected, with
values ranging from 56% to 83% (w/w). These results are in accordance
with several works (Alvarez, 2003; Silva et al., 2010), revealing that
the main fatty acids produced were directly related to the chain length
of the carbon source. The fatty acid composition of TAG fraction
Fig. 1. TLC analysis of neutral lipid compounds present in cells of R. opacus B4. Cells were
firstly grown onMSmedium supplemented with 1 g L−1 hexadecane at a molar C/N ratio
of 4. After growth, cells were transferred to fresh MS medium supplemented with
hexadecane (1 g L−1) contaminated cork residues with a molar ratio of C/N 300. 1 and
8 – neutral lipids standards; 2 – B4_NC_C16; 3 – B4_C16 (initial time); 4 – B4_C16; 5 –
B4_RC_C16; 6 – B4_NC; 7 – B4_RC.



Table 3
TAG content and yields in cells of R. opacus B4 cultivated inMSmedium at amolar C/N ra-
tio of 300 supplemented with 1 g L−1 hexadecane (B4_C16); hexadecane contaminated
natural cork (B4_NC_C16); hexadecane contaminated regranulated cork (B4_RC_C16);
natural cork (B4_NC) and regranulated cork (B4_RC) after 48 h.

Experiment TAG content
(g g−1 CDW)

TAG formed
(mg)

TAG yield
(g TAG g−1 C16 consumed)

B4_C16 (initial time) 0.34 ± 0.15 – –
B4_C16 0.47 ± 0.04 22.6 0.47
B4_NC_C16 0.60 ± 0.06 25.0 ± 0.9 0.59 ± 0.04
B4_RC_C16 0.77 ± 0.04 25.2 ± 6.1 0.54 ± 0.05
B4_NC 0.25 ± 0.03 4.22 ± 0.3 0.38 ± 0.03
B4_RC 0.08 ± 0.02 0 0

Fig. 2. Cumulative methane production of R. opacus B4 lipid-rich biomass cultivated in
hexadecane contaminated regranulated cork sorbent (B4_RC_C16) and in hexadecane
contaminated natural cork sorbent (B4_NC_C16), of natural cork (NC) and regranulated
cork (RC). Blank: sludge used as inoculum, Avicel: control assay.
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produced from hexadecane-contaminated cork, showed some differ-
ences according to the type of cork. In the case of natural cork contam-
inated with hexadecane (B4_NC_C16), R. opacus B4 did not produce
fatty acids shorter than C12:0, whereas the longer chain fatty acids
(C14 to C18) were most predominant, accounting to 85% of the total
fatty acids. On the other hand, in the experiment performed with
hexadecane-contaminated regranulated cork granules (B4_RC_C16)
shorter chain fatty acids, namely C8:0; C10:0 and C14:0 were present,
although in trace amounts.

The length of the fatty acids chain and level of unsaturation are im-
portant TAG characteristics that significantly affect the quality of the
produced biofuels (Knothe, 2005). In this study, both hexadecane con-
taminated cork sorbents promoted accumulation of fatty acidswith lon-
ger chains by R. opacus B4. In particular, natural cork contaminatedwith
hexadecane led to the accumulation of palmitic acid (C16:0);
palmitoleic acid (C16:1) and oleic acid (C18:0), making these TAG suit-
able options for biodiesel production, since they are similar to the ones
found in plants and animal oils and improve biodiesel oxidative stability
(Meng et al., 2009). Some reports found in the literature corroborate
these results, revealing the importance of TAG produced by strains of
Rhodococcus in the biodiesel industry (Cortes and de Carvalho, 2015;
Kosa and Ragauskas, 2012).

3.5. Methane production from R. opacus B4 lipid-rich biomass

Lipids are good candidates for biomethane production (Alves et al.,
2009). Biomethane is a relevant renewable source; it can meet all tech-
nical requirements set by the vehicle manufacturers and natural gas
transportation system and use the existing natural gas infrastructure.

In this study, the biochemical methane potential of the obtained
lipid-rich biomass (TAG containing cells + cork) was evaluated in
batch assays. Fig. 2 presents the obtained cumulative methane produc-
tion as a function of time.

In all assays, methane production started after the first day of diges-
tion and maximummethane production was achieved within 7 days of
incubation. Methane production from R. opacus B4 lipid-rich biomass
proceeded at a faster rate than Avicel (control), in which residual sub-
strate introduced with the inocula (assessed in the blank assay) seems
Table 4
Fatty acid profile of TAG fraction in R. opacus B4 cultivated in hexadecane (B4_C16); hexadeca
(B4_RC_C16); natural cork (B4_NC) and regranulated cork (B4_RC) under nitrogen limiting co

Experiment Relative proportion of fatty acids [%, w/w]

C8:0 C10:0 C12:0 C14:0

B4_C16_t0 – – * 2.6 ± 0.
B4_C16 – – * 3.7 ± 0.
B4_NC_C16 – * 10.5 ± 2.2 4.5 ± 1.
B4_RC_C16 1.5 ± 0.2 2.6 ± 0.7 * 5.5 ± 1.
B4_NC 6.2 ± 1.2 1.7 ± 0.4 1.5 ± 0.4 6.5 ± 1.
B4_RC – – 1.4 ± 0.6 2.0 ± 0.

–not detected; * b0.5%.
to have been firstly converted (plateau reaching about 3 mL CH4). R.
opacus B4 cultivated on both cork contaminated granules reached sim-
ilar methane production values, about 0.40 L CH4 per gram of CDW
(Table 5). However, conversion yield was somewhat lower in the
regranulated hexadecane-contaminated cork (B4_RC_C16), where
only 71.1% of COD was converted to methane. Cork sorbents exhibited
very low conversion yields, where only 16% and 32% of COD were con-
verted to methane in NC and RC, respectively (Table 5).

The results obtained show that bacterial lipid-rich biomass, obtained
frombiological treatment of hexadecane-contaminated cork sorbents, is
efficiently converted to methane. Valorisation of this biomass as feed-
stock for methane production is a suitable option, with the advantage
that the process does not require TAG extraction from cells avoiding
the associated processing costs.

Anaerobic digestion is an established, scalable technology that can
be used to transform a wide range of organic wastes into methane. An-
aerobic degradation of alkanes and other petroleum hydrocarbons pro-
ceeds at very slow rate (Berdugo-Clavijo and Gieg, 2014; Embree et al.,
2014)making its conversion tomethane ineffective. However, when an
intermediate step is included to first convert petroleum hydrocarbons
into lipids, which are then easily converted to methane, the process
is accelerate leading to efficient methane production. This two-steps
approach, herein demonstrated with hexadecane-contaminated cork
sorbents, opens news perspectives for valorisation of petroleum con-
taminated wastes and wastewaters through methane production.

4. Conclusions

This work demonstrates that cork used as oil-spill sorbents,
contaminated with liquid hydrocarbons, herein demonstrated with
hexadecane, can be biologically treated by R. opacus B4 with
ne contaminated natural cork (B4_NC_C16); hexadecane contaminated regranulated cork
nditions (C/N = 300) during 48 h.

C16:0 C16:1 C18:0 C18:1

5 67.4 ± 4.8 8.1 ± 2.3 35.2 ± 5.9 7.8 ± 3.1
3 58.6 ± 1.7 21.6 ± 3.4 7.2 ± 1.2 2.8 ± 0.02
2 67.7 ± 9.7 13.5 ± 1.5 7.8 ± 2.4 1.8 ± 0.4
7 71.5 ± 11.6 21.0 ± 9.6 20.9 ± 3.7 2.8 ± 0.7
1 82.8 ± 8.8 10.4 ± 5.0 – 1.3 ± 0.2
3 55.5 ± 0.6 8.5 ± 2.8 3.8 ± 0.6 3.5 ± 0.6



Table 5
Biomethane production and conversion yields inR. opacusB4 lipid-rich biomass cultivated
in hexadecane contaminated cork sorbents.

Experiment Biomethane productiona

(L CH4 g−1 substrate)
Conversion yield
(g COD produced g−1 COD added)

B4_NC_C16 0.42 ± 0.023 0.815 ± 0.04
B4_RC_C16 0.40 ± 0.023 0.711 ± 0.04
NC 0.034 ± 0.004 0.158 ± 0.01
RC 0.058 ± 0.005 0.323 ± 0.02
Avicel 0.51 ± 0.011 1.05 ± 0.01

a Biomethane production from blank assay was discounted.
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concomitant TAG production. Fatty acid composition of TAG fractions
mainly included fatty acids of 16 and 18 carbon chains demonstrating
the feasibility of using this TAG as rawmaterial for biodiesel production.
Additionally, the obtained lipid-rich biomass (whole cells) can be effi-
ciently used for biomethane production. The obtained results support
a novel approach for the management of oil-spill contaminated cork
sorbents through its valorisation for bacterial lipids production.
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