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Abstract This study describes the capacity of different
sorbents to form stable biofilms under highly
hydrocarbon-polluted conditions and the degrading ca-
pacity of the microbiota present in the biofilm. With this
aim, microcosms were designed in a 1 L beaker with
400 mL of culture medium or polluted wastewater and
an amount equivalent of 200 mL of the selected sorbent
carrier, made of cork and/or polypropylene meltblown.
The culturable bacteria adhered to the sorbent carrier
were quantified, and the time course of the hydrocarbon
concentration was studied together with the formation of
a biofilm on the carrier’s surface. The results revealed a
different performance of the carriers in terms of bacterial
adhesion, significantly reduction in the hydrocarbon
content in water at the end of the assays, and a biofilm
tolerance to high hydrocarbon concentration in the pol-
luted water. From these results, it was concluded that the

use of a sorbent, hydrophobic cork, or meltblown poly-
propylene, together with indigenous microbiota, consti-
tutes a promising technology for the treatment of
hydrocarbon-polluted water.

Keywords Water treatment . Microcosms . Sorbent
carriers .Microbial adhesion . Biofilms . Hydrocarbon
biodegradation

1 Introduction

Petroleum is composed of hydrocarbons and non-
hydrocarbon compounds, which include basically metal
porphyrins, acids, and organometallic compounds. Pe-
troleum hydrocarbons consist mainly of a complex mix-
ture of hydrophobic and non-aqueous compounds, such
as aliphatic compounds (mainly n-alkanes), aromatic
compounds, and, to a lesser extent, resins and
asphaltenes (Dellagnezze et al. 2014; Grace Liu et al.
2011; Soliman et al. 2014). Water pollution by hydro-
carbons is an environmental problem that affects the
aquatic ecosystems, the species that inhabit these eco-
systems, as well as the products that are made from
them. Therefore, this contamination can be hazardous
for the environment as well as for human health
(Soliman et al. 2014).

With regard to aquaculture and fisheries, the presence
of hydrocarbons in rivers, lakes, and seas may lead to
reductions or even the loss of certain species of fish,
shellfish, and other organisms unable to degrade or

Water Air Soil Pollut (2018) 229: 175
https://doi.org/10.1007/s11270-018-3826-x

A. Rodríguez-Calvo (*) :G. A. Silva-Castro :
T. Robledo-Mahón : J. González-López :C. Calvo
Institute of Water Research, University of Granada, C/Ramón y
Cajal n° 4, 18071 Granada, Spain
e-mail: arcalvo@ugr.es

A. Rodríguez-Calvo : T. Robledo-Mahón :
J. González-López :C. Calvo
Department of Microbiology, University of Granada, Granada,
Spain

A. Rodríguez-Calvo :G. A. Silva-Castro :
T. Robledo-Mahón : J. González-López :C. Calvo
Environmental Microbiology Group, University of Granada,
Granada, Spain

http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-018-3826-x&domain=pdf


remove these pollutants. In the field of tourism, a spill
near a tourist center is costly due to the decline in visitor
numbers (Rekadwad and Khobragade 2015).

Against these problems, physicochemical methods,
such as barriers and skimmers, in situ burning of
crude oil in water, or the use of dispersants, have
been used as conventional remediation methods. The
problem with these techniques is their limitations, as
they are seldom fully effective and often environ-
mentally harmful (Al-Majed et al. 2012; Röling
et al. 2002; Yoo et al. 2012). The use of sorbents
is a physico-chemical technique that respects the
environment and presents only few limitations. This
technique uses materials that absorb the hydrocar-
bon compounds in their structure, but the great
drawback is that a waste polluted with hydrocarbons
is generated, implying a high management cost, both
technically and economically (ITOPF 2014).

Today, biological methods are widely used, and
they are considered the most cost-effective and en-
vironmentally sound methods. Bioremediation is
considered efficient, inexpensive, and environmen-
tally friendly for treating hydrocarbon-polluted sites
(Zamani et al. 2014). The effectiveness of bioreme-
diation for decontaminating hydrocarbon-affected
waters is based on the fact that these contaminants
can often be degraded by the microorganisms that
inhabit these water bodies (Ward et al. 2003). In
aquatic ecosystems, microorganisms used in biore-
mediation processes are more technically viable in
coastal areas than in the open sea or vast water
bodies, mainly because in the latter cases the micro-
organisms are diluted and washed out. One solution
could be the use of a biofilm, where microorganisms
are immobilized at a surface (Radwan et al. 2002).
The biofilm cells have a better chance of adapting
and surviving (especially during periods of stress),
being protected within the matrix, which affords
them a considerable advantage over planktonic
microorganisms.

The efficacy of the treatment systems for water
and industrial effluents using immobilized microor-
ganisms has been demonstrated (Calderón et al.
2013; Leyva-Díaz et al. 2015; Radwan et al. 2002).
Accordingly, the immobilization of the biomass can
be an effective method to retain degrading microor-
ganisms, such as hydrocarbon degraders. Microor-
ganisms attached to a carrier have been successfully
used in water treatment. In these systems, one factor

to consider is the nature of support material, as the
support must allow the formation of a stable biofilm
and should promote the contact between the micro-
biota and the pollutants.

In this context, the aim of this research is to design
and develop a water-treatment system based on the
use of new bio-absorbents. In this context, the study
seeks to determine the capacity of different sorbents
to form stable biofilms in high hydrocarbon-polluted
conditions. Also, an effort is made to develop and
design new absorbent/carrier system with both high
hydrocarbon and derivative retention capacity and
high-capacity hydrocarbon-degrading microorgan-
isms to adhere to its surface, i.e. absorbents that
allow the development of biofilms with high
degrading capacity. The experiments were performed
at the lab scale in microcosms using hydrocarbon-
polluted industrial wastewater.

2 Materials and Methods

In this study, microcosm assays were conducted to
assess the bacterial adhesion capacity of carriers and
the degrading capacity of the microbiota present in the
biofilm. Initially, the adhesion capacity of carriers was
tested using a previously isolated strain selected for its
surface-adherence capacity (Rodríguez-Calvo et al.
2017). Second, surface adherence and degrading capac-
ity of the indigenous microbiota from industrial waste-
water was studied in microcosms with a selected carrier,
regarding to previous studies.

2.1 Carriers

The carriers used in this study were selected based on
their hydrocarbon-adsorption capacity. Selected carriers
were the following:

– CorkSorb™ 01025. Granular thermal-treated hy-
drophobic cork, which absorbs oil and solvents
without absorbing water. This carrier is a natural
biodegradable product.

– CorkSorb™ 03025. Granular thermal-treated hy-
drophilic cork, which absorbs oil, solvent, and wa-
ter. This carrier is a natural biodegradable product.

– Pad Sentec™. Oil-absorbent pads composed of
100% meltblown polypropylene that absorbs only
oil and not water.
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– Barrier Sentec™. Oil-absorbent barrier composed
of meltblown polypropylene and cellulose pulp that
absorb oil but not water.

2.2 Bacterial Strain and Culture Conditions

Pseudoalteromonas elyakoviiW18 was included in this
study due to its surface-adherence ability (Rodríguez-
Calvo et al. 2017). The isolate was grown in Luria–
Bertani (LB) (Sezonov et al. 2007) and Bushnel–Haas
(BH) (Deziel et al. 1996) liquid media.

LBmedium, rich in nutrients, was added of a mixture
of sea salt to give the final salt concentration of 3% (w/v)
(Rodriguez-Valera et al. 1981); its composition was as
follows (g/L): peptone 10; yeast extract 5. BH medium
used for isolating hydrocarbon-degrading microorgan-
isms is a minimal medium with the following composi-
t ion (g/L) : MgSO4 ∙7H2O, 0.2; K2HPO4, 1;
CaCl2∙2H2O, 0.02; NH4NO3∙6H2O, 1; FeCl3, 0.05;
and agar, 20. The mixture of sea salt mentioned previ-
ously was added to reach the final salt concentration of
3% (w/v).

2.3 Water Samples

Industrial wastewater samples were collected from oil-
storage tanks at the Compañía Logística de
Hidrocarburos S.A. (CLH), located in Motril, Granada
(Spain). The average concentration of Biological Oxy-
gen Demand at 5 days (BOD5) and Chemical Oxygen
Demand (COD) was 320 and 887.53 mg O2/L, respec-
tively. These parameters were determined according to
Standard Methods for the Examination of Waste and
Wastewater (APHA 2005).

2.4 Bacterial Adhesion Capacity of Carriers. Microcosm
Assays

Initial microcosm assays to evaluate the bacterial adhe-
sion capacity of carriers were prepared in a 1 L beaker
with 400 mL of culture medium (LB medium and BH
medium) and an amount equivalent of 200 mL of the
selected sorbent in each case. These flasks were inocu-
lated with 10 mL of an overnight culture of P. elyakovii
strainW18 with shaking at 100 rpm and 28 °C for seven
days. Cell growth was enumerated by dilution plating
technique at days 0, 1, 2, and 7. All experiments were
carried out in triplicate.

2.5 Hydrocarbon Tolerance of the Biofilm. Microcosm
Assays

The second stage of microcosm assays was used to
evaluate the effect of hydrocarbon content on microbial
activity and biofilm formation from industrial wastewa-
ter. The 1 L beaker contained 400 mL of the wastewater
without hydrocarbons, polluted with 10,000 and
20,000 ppm of diesel, respectively, as well as an amount
equivalent of 200 mL of the previous carriers selected.
Microcosms were incubated for 20 days at 28 °C and
100 rpm. Microbial growth was measured at 0, 1, 2, 7,
14, and 20 days. Hydrocarbon fraction was also deter-
minate at initial and the end of the assays. All experi-
ments were carried out in triplicate.

2.6 Quantification of Culturable Bacteria

Growth and adhering bacteria were determinate using
the dilution-plate technique. Carrier samples from each
microcosm assays were taken periodically. One gram of
the carrier was placed in a tube with 9 mL of sterile
saline solution, and the biofilm was detached from the
carrier by sonication in a bath sonicator (Ultrasonic bath,
Selecta) at room temperature for 10 min. A total of
0.1 mL of serially diluted samples were plated on
trypticase soy agar (TSA, Difco). The inoculated plates
were incubated at 28 °C for 48 h before the colonies
were counted (Silva-Castro et al. 2012).

2.7 Hydrocarbon Analysis

Total petroleum hydrocarbons (TPHs) were extracted
from both water and carrier samples with a mixture of
hexane:acetone 1:1 (v/v) and determined by gravimetric
analysis as described elsewhere (Aguilera-Vázquez
et al. 2001). For water samples, the procedure for hy-
drocarbon extraction was the Standard Method 5520
modified, using hexane/acetone instead of hexane/
MTBE (APHA 1995). In the case of the carriers, sam-
ples were previously sonicated for 10 min. Aliphatic
(alkanes C10–C20, alkanes C20–C40, branched and cy-
clic, phytane and pristane) and aromatic hydrocarbon
fractions were analyzed on the hexane:acetone extract
using a Hewlett-Packard 6890 GC system equipped
with a HP-5-MS-capillary column (30 × 0.32 mm
I.D.). Helium (1.6 mL min−1) was used as the carrier
gas. The determinations were performed using the fol-
lowing temperature program: 40 °C held for 1 min
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isothermal, heating rate at 4 °C min−1 up to 310 °C, and
final temperature held for 1.5 min. Injector and detector
temperatures were 250 and 300 °C, respectively. N-
alkanes and PAH were detected using a mass detector
5872 (Hewlett-Packard) and the library utilized was
Wiley 275.

2.8 Scanning Electron Microscopy

Periodically, samples were taken from the carriers, fixed
with glutaraldehyde (2.5% v/v) followed by three PBS
washed, and dehydrated using ethanol solutions. The
dry carrier samples were gold coated and examined by
electron microscopy according the methodology de-
scribed elsewhere (Guisado et al. 2016).

These samples were examined by scanning electron
microscopy to analyze the biofilm formed on the car-
riers’ surface in the Centre for Scientific Instrumentation
of the University of Granada (Spain), using LEO
1430VP and LEO 1430VP microscopes equipped with
an INCA350 EDX system.

2.9 Statistical Analysis

The mean, variance, and standard deviation of the mi-
crobiological and chemical parameters were calculated
from the values recorded from each of the triplicate
samples. The data were analyzed using a one-way mul-
tifactor analysis of variance (ANOVA) and a Turkey’s
test. Statistical significance limits were set at p < 0.05.
All statistical analyses were carried out using SPSS
(Statistical Package for the Social Sciences) software
v.15.0.

3 Results

3.1 Bacterial Adhesion Capacity of Carriers. Microcosm
Assays

3.1.1 Microbial Growth

The use of microorganisms adhering to a carrier forming
a biofilm is one of the effective technologies for treating
contaminated water. An effective system requires a suit-
able support as well as stability of the biofilm. In this
sense, several authors have demonstrated how adhesion
of bacteria to surface is strongly related to the concen-
tration of nutrients and therefore to the density of the

adhering microbial population (Borges et al. 2008;
Cowell et al. 1999). Thus, assays I and II were per-
formed to determine the effect of nutrient depletion on
surface adherence for each of the carriers.

Results from the assay in which LB medium was
used showed that the growth of P. elyakoviiW18 adher-
ing to both cork carriers raised consistently, reaching
values close to 7 and 8 Log (UFC mL−1) in the case of
CorkSorb™ 03025 and CorkSorb™ 01025, respective-
ly. On the other hand, using BPad Sentec™^ as carrier,
the mean count values of adhering microbial population
slightly declined after 2 days, reaching values close to
7 Log (UFCmL−1) at the end of the experiment (7 days).
In the case of BBarrier Sentec™,^ similar values were
found after the first day of the assay with values between
6 and 7 Log (UFC mL−1) (Fig. 1). These results, as
shown in Fig. 1, indicated significant differences be-
tween the microbial growth adhering to CorkSorb™
03025 and the rest of carriers according to a multivariate
analysis based on the Tukey’s test (α = 0.05).

Regardless, the carrier used, P. elyakovii W18, was
able to grow and adhere itself in all the microcosms
studied when the culture medium was LB broth
(Rodríguez-Calvo et al. 2017). Previous reports have
demonstrated that the concentration of nutrients and
microbial-population density are important factors in
bacterial surface adherence, showing a relationship be-
tween the surface adhesion rate and the lack of appro-
priate bacterial growth (adhering and supernatant bacte-
ria) (Al-Juboori and Yusaf 2012; Liu et al. 2011).
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Fig. 1 Adhering of P. elyakovii W18 to the carriers CorkSorb™
01025, CorkSorb™ 03025, Pad Sentec™, and Barrier Sentec™,
in microcosms with LB medium, expressed in Log (UFC mL−1).
Bacterial adhesion capacity of carrier assays. (*) Significant dif-
ferences between the sorbent carriers at each sampling time. Mul-
tivariate analysis based on the Tukey’s test (α = 0.05)
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Therefore, a new assay in which the LB medium was
substituted by BHmineral mediumwas planned in order
to determine the response of this microorganism to
nutrient depletion.

In this one, adhering bacterial growth diminished
slightly with respect to LB medium. In this sense,
P. elyakovii W18 grew better in microcosms with Pad
Sentec™ and Barrier Sentec™ carriers (values between
6 and 7 Log UFC mL−1) than in those with Corksorb™
carriers, above all in CorkSorb™ 03025 microcosms,
which resulted in no bacterial growth, as surface-
adhering microbiota was lower than 4 Log UFC/mL−1

of the carrier (Fig. 2). These results, as shown in Fig. 2,
indicated significant differences between the mi-
crobial growth adhering to CorkSorb™ 01025 as
well as CorkSorb™ 03025, and this growth adher-
ing to Pad Sentec™ as well as Barrier Sentec™,
according to a multivariate analysis based on the
Tukey’s test (α = 0.05).

3.1.2 Scanning Electron Microscopy

The adhesion capacity of carriers was confirmed by
scanning electronic microscopy. This study demon-
strated the presence of bacteria adhering to the car-
riers with a notable amount of exopolymers. Fur-
thermore, the images reflect a larger microbial pop-
ulation adhering to Pad Sentec™ and Barrier
Sentec™ (Figs. 3 and 4).

3.2 Hydrocarbon Tolerance of the Biofilm. Microcosm
Assays

This second stage of microcosm assays was performed
to evaluate the capacity of wastewater indigenous mi-
crobiota to adhere to the carriers’ surface. According to
the results of previous assays in terms of microbial
surface adhesion, shown previously, CorkSorb™
01025 and Pad Sentec™ were selected as carriers for
the following assays. An investigation was made of the
tolerance of the microbial biofilm to different hydrocar-
bon concentrations and the efficacy of carriers to retain
the hydrocarbon pollutants from the industrial wastewa-
ter during treatment.

3.2.1 Microbial Growth

Figures 5 and 6 show that none of the carriers proved
toxic for microbial viability and the stability of adhered
microorganisms was evidenced in both of them. The
presence of hydrocarbons increased the microbial
growth adhering to both carriers, although in the case
of the carrier CorkSorb™ 01025, the biofilm was no-
ticeably detached at the end of assays, reaching values
close to 4.5 Log (UFC mL−1), while this adhering pop-
ulation was around 5–6.5 Log (UFC mL−1) during the
assays. Furthermore, the detachment of some bacterial
cells from the CorkSorb™ 01025 biofilm was detected
by microscopy studies, as will be shown subsequently.
As shown in Fig. 5, there are significant differences
between the microbial growth in hydrocarbon absence
conditions and in presence of the pollutant; on the other
hand, the concentration influence is observed in signif-
icant differences between B10,000 ppm^ and
B20,000 ppm^ mainly at the final time.

For Pad Sentec™, the microbial population adhering
to the carrier proliferated throughout the assay, reaching
values much higher than those in the previous assays
[close to 5, 6, and 8 Log (UFC mL−1) respectively], in
which hydrocarbon concentration was lower. The sig-
nificant differences between the three conditions prove
this behavior. This trend would indicate that hydrocar-
bon compounds adsorbed to the surface carrier would be
used as a carbon and energy source by the adhering
indigenous microorganisms, and consequently, these
organic compounds can support their growth. For these
reasons, comparing the two carriers, Pad Sentec™
boosted the growth of adhering microorganisms more
efficiently than the CorkSorb™ 01025 carrier.
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Fig. 2 Adhering of P. elyakovii W18 to the carriers CorkSorb™
01025, CorkSorb™ 03025, Pad Sentec™, and Barrier Sentec™,
in microcosms with BH medium, expressed in Log (UFC mL−1).
Bacterial adhesion capacity of carrier assays. (*) Significant dif-
ferences between the sorbent carriers at each sampling time. Mul-
tivariate analysis based on the Tukey’s test (α = 0.05)
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3.2.2 Hydrocarbon Analysis

GC/MS analyses were performed to evaluate the chang-
es in hydrocarbon concentration in both wastewater and
carrier samples during the incubation time. In
CorkSorb™ 01025 assays at 10,000 ppm of hydrocar-
bon pollution, considering the mass balance of the sys-
tem, the removal rates were close to 75% for all of the
fractions; whereas at 20,000 ppm, the percentage of
hydrocarbon removal varied depending on the

hydrocarbon compounds analyzed. On the other hand,
for Pad Sentec™ carrier, the majority of hydrocarbon
fraction removal rates were close to 90% (Table 1).

In wastewater polluted with 10,000 ppm, in
CorkSorb™ 01025 microcosms, all hydrocarbon frac-
tions were removed by more than 66% after 20 days of
treatment. Further, these assays demonstrate the capac-
ity of CorkSorb™ 01025 to absorb the hydrocarbon
compounds within its structure (Fig. 7). Otherwise, in
microcosms with Pad Sentec™ carrier, hydrocarbon

A

C D

BFig. 3 SEM images. General
view of bacteria adhering to (a)
CorkSorb™ 01025 structure, (b)
CorkSorb™ 03025 structure, (c)
Pad Sentec™ structure, and (d)
Barrier Sentec™ structure, in
microcosms with LB medium.
Bacterial adhesion capacity of
carrier assays

BA

C D

Fig. 4 SEM images. General
view of bacteria adhering to (a)
CorkSorb™ 01025 structure, (b)
CorkSorb™ 03025 structure, (c)
Pad Sentec™ structure, and (d)
Barrier Sentec™ structure, in
microcosms with BH medium.
Bacterial adhesion capacity of
carrier assays
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removal from water was more efficient (higher than
90%) and part of these pollutants remained absorbed
by the carrier (Fig. 8).

In the case of wastewater polluted with 20,000 ppm,
the increase in the microbial population due to higher
hydrocarbon concentrations resulted in further degrada-
tion of all hydrocarbon fractions in the water, and even
slightly higher in the case of Pad Sentec™ (higher than
95.5%) (Figs. 9 and 10).

3.2.3 Scanning Electron Microscopy

This microscopy analysis demonstrates the capacity
of indigenous microbiota in wastewater to adhere to
both surface carriers, CorkSorb ™ 01025 and Pad
Sentec™, and their tolerance to hydrocarbon pollu-
tion (Fig. 11).

Thus, biofilm tolerance to hydrocarbons present in
water to treat was demonstrated.

4 Discussion

This study was undertaken to select the most suitable
carrier to use in bioreactors, for the treatment of
hydrocarbon-polluted industrial wastewater, based on
biofilm technology. The carriers under study were se-
lected for their ability to absorb hydrocarbons from
water. Thus, the first assays were performed to deter-
mine whether CorkSorb™ 03025, CorkSorb™ 01025,
Barriers Sentec™, and Pad Sentec™ also allow the
adherence of bacteria to their surface.

The results from this study demonstrate both micro-
bial adherence to and hydrocarbon absorption by differ-
ent carriers, manufactured mainly from cork and poly-
propylene, as some authors have previously reported
(Al-Majed et al. 2012; Pintor et al. 2012; Schrader
1991). In addition, adhesion capacity of P. elyakovii
W18 strain has been confirmed by Rodríguez-Calvo

*
*

*
* •

•

Fig. 5 Adhering of indigenous microbiota to the carrier
CorkSorb™ 01025, in microcosms with effluent wastewater that
lacks hydrocarbons and polluted with 10,000 and 20,000 ppm,
expressed in Log (UFC mL−1). Hydrocarbon tolerance of the
biofilm assays. (*) Significant differences between Bhydrocarbon
absence,^ and both Bhydrocarbon presence (10,000 ppm)^ and
Bhydrocarbon presence (20,000 ppm).^ (•) Significant differences
between Bhydrocarbon absence (10,000 ppm)^ and Bhydrocarbon
absence (20,000 ppm).^ Multivariate analysis based on the
Tukey’s test (α = 0.05)
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Fig. 6 Adhering of indigenous microbiota to the carrier Pad
Sentec™, in microcosms with effluent wastewater that lacks hy-
drocarbons and polluted with 10,000 and 20,000 ppm, expressed
in Log (UFC mL−1). Hydrocarbon tolerance of the biofilm assays.
(*) Significant differences between Bhydrocarbon absence,^ and
both Bhydrocarbon presence (10,000 ppm)^ and Bhydrocarbon
presence (20,000 ppm).^ (†) Significant differences between

Bhydrocarbon absence^ and Bhydrocarbon presence
(20,000 ppm).^ (°) Significant differences between Bhydrocarbon
absence^ and Bhydrocarbon presence (10,000 ppm). (•) Significant
differences between Bhydrocarbon presence (10,000 ppm)^ and
Bhydrocarbon absence (20,000 ppm).^Multivariate analysis based
on the Tukey’s test (α = 0.05)

Water Air Soil Pollut (2018) 229: 175 Page 7 of 13 175



et al. (2017). Microbial surface adherence is strongly
influenced by nutrient conditions (Sezonov et al. 2007).
Thus, the first two assays were performed under sterile
conditions by the inoculation of P. elyakovii strain W18,
one of them in rich medium (LB medium) and the
second under nutrient depletion (BH medium), which
is closer to the nutrient conditions of industrial waste-
water to be treated.

In the bacterial adhesion assays, it was established
that hydrophilic cork, CorkSorb™ 03025, was not a
good choice as a material for bacterial adherence and
consequently biofilm formation. By contrast, sorbent

materials CorkSorb™ 01025 (hydrophobic cork),
Pad Sentec™, and Barrier Sentec™ (both made
of meltblown polypropylene) showed good micro-
bial adhesion, reaching values between 6 and
7 Log UFC/mL−1 of carrier, 3 logarithms higher than
the first one.

These results demonstrated that biofilm formation
depends largely on the surface where it develops
(Donlan 2002), and therefore, carriers play a key role,
as results show. It should be highlighted that, as some
authors have indicated, microbial adhesion is the first
step of biofilm formation and that almost any surface
exposed to a hydrated environment is prone to develop
this adherence (Bakker et al. 2003; Vanysacker et al.
2013). In fact, three of the four preselected carriers
showed good results; other authors have reported that
hydrophobicity enhances or facilitates the adherence of
bacteria to the carriers (Donlan 2002; Saeki et al. 2016).
In this sense, the CorkSorb™ 03025 support, hydrophil-
ic in character, proved to be less efficient in the forma-
tion of a stable biofilm than the other substrates tested.
In addition, due to its hydrophilic character, water
retained inside its structure made its manipulation diffi-
cult and consequently its future application in bioreac-
tors for treating industrial wastewater contaminated with
hydrocarbons. Therefore, this material was not consid-
ered for future research.

Biofilm consists of a group of cells embedded into a
polymeric matrix constituted by exopolysaccharides
segregated by the biofilm’s own bacterial cells, attached
to a surface. It has been demonstrated that biofilms are
the most widespread microbial lifestyle (Costerton et al.
1995; Davies et al. 1998; Percival et al. 2011). From the
results of the first two assays, two carriers were selected
in order to study the adhesion of indigenous microbiota,
CorkSorb™ 01025 and Pad Sentec™, the only one
made of cork which exhibited good microbial adhesion
previously and one of the two carriers made of
meltblown polypropylene. In the hydrocarbon tolerance
assays, differences appeared between the performances
of the carriers, mainly a higher microbial population
adhered to Pad Sentec™ and microbial adhesion for a
longer time than in the case of CorkSorb™ 01025, in
which microbial detachment occurred during the assays,
as shown in Fig. 11e. Apart from this, in general, both
carriers performed well, as mentioned by other authors.
Albareda et al. (2008) and Ferreira and Castro (2005)
pointed that the cork was a good material in terms of
supporting bacterial growth; the microbial adhesion was

Table 1 Percentage of hydrocarbon fraction removal considering
the mass balance of the system in both CorkSorb™ 01025 and Pad
Sentec™ microcosms at 10,000 ppm and 20,000 ppm of hydro-
carbon pollution

Percentages of removal CorkSorb™ 01025
(%)

Pad Sentec™
(%)

10,000 ppm

C10–C20 72.49 97.81

C20–C40 83.98 97.87

Branched/cyclic alkanes 74.03 97.91

Alkenes 72.52 98.09

Phytane 73.33 99.42

Pristane 81.32 89.20

Aromatics 97.07 99.88

Pregnanes 66.05 99.87

Hahnfett 69.89 99.94

20,000 ppm

C10–C20 67.17 85.35

C20–C40 68.96 75.49

Branched/cyclic alkanes 90.55 85.48

Alkenes 86.93 87.11

Phytane 79.98 91.71

Pristane 64,45 77.50

Aromatics 99.83 100.00

Pregnanes 83.05 85.49

Hahnfett 52.72 99.25

Percentage of removal = [[initial mass balance − final mass bal-
ance] / initial mass balance] × 100

Mass balance = [whc·wv + chc·cv] / vt

whc, wastewater hydrocarbon concentration

wv, wastewater volume

chc, carrier hydrocarbon concentration

cv, carrier volume

v, total volume
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evidenced by Bartowsky and Henschke (2008), who
demonstrated that the spoilage of natural cork closures
in wine bottles was due to the presence of bacteria
adhering to them. Other researchers (Jurecska et al.
2013; Krivorot et al. 2011; Zhou et al. 2013) have

highlighted that meltblown polypropylene was a mate-
rial prone to biofilm formation in its structure.

Finally, scanning electron microscopy (SEM) analy-
ses have often been used by authors for studying and
characterizing of biofilms (González-Ramírez et al.
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structure. e Detail of microbial
detachment from CorkSorb™
01025 structure. f Detail of
bacteria adhering to Pad Sentec™
structure. Hydrocarbon tolerance
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2016; Jurecska et al. 2013; Vyas et al. 2016). In this
study, SEM images showed the microbial surface ad-
herence not only of P. elyakovii but also of indigenous
microbiota from industrial wastewater studied, as shown
in Figs. 3, 4, and 11.

The increase of the hydrocarbon content in the sec-
ond stage of assays resulted in a larger microbial popu-
lation, which proves that indigenous microbiota from
the polluted water was well-adapted to the hydrocarbon
presence and could have a good degrading capacity
(Bao et al. 2014; Das and Chandran 2010). In addition,
with this increase in hydrocarbon concentration, the
microbial detachment mentioned previously occurred
later than under-unpolluted conditions. With respect to
the hydrocarbon content, the results from gas chroma-
tography–mass spectrometry (CG/MS) showed a re-
markable reduction in the content of hydrocarbons in
water. This reduction was due to the adsorption process
which takes places on the carrier surface, since hydro-
phobic cork and meltblown polypropylene have a high
absorption capacity (Pintor et al. 2012; Wei et al. 2003)
and due to a biodegradation process which occurs both
in the polluted water and in the carriers. In fact, it has
been demonstrated that microbiota indigenous to the
contaminated area has a high degrading ability
(Pandey et al. 2016). Moreover, biofilm formation en-
hances the degrading capacity of microorganisms, and
for these reasons, it was shown that the reduction in the
content of hydrocarbons in water is due to a combina-
tion of a physical process with a biological process.
Furthermore, it has been demonstrated that the main
advantage of these biofilm is that they improve the
degrading capacity of the microorganisms that make it
up, but they require a surface to adhere to (Al-Kharusi
et al. 2016), as mentioned previously.

5 Conclusions

Results from this study revealed that a high hydrocarbon
concentration in wastewater increased the degrading
microbial population adhered to the hydrophobic cork
and meltblown polypropylene and enhanced bacterial
surface adhesion, delaying the biofilm detachment. Al-
so, both carriers showed a remarkable capacity of hy-
drocarbon retention, achieving a rapid cleaning of the
polluted water and developing a selective conditions for
the colonization of hydrocarbon degrading microbiota.
In this way, it can be concluded that these materials

would be appropriate candidates to be used as carriers
for developing hydrocarbon degrading biofilm and be-
coming a promising technology for the treatment of
hydrocarbon-polluted water.
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