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Strategies of Bioremediation for the Degradation of
Petroleum Hydrocarbons in the Presence of Metals
in Mangrove Simulated

Contamination by oil spills in coastal ecosystems, especially in mangrove zones, has
been common in countries with oil industry. The aim of this study was, therefore, to
evaluate the efficiency of application of the two models developed for pilot-scale
remediation, intrinsic bioremediation (indigenous microorganisms), and phytoreme-
diation (Avicennia schaueriana). The degradation of hydrocarbons was determined by gas
chromatography (GS) with flame ionization detector. The metals Al, Fe, Pb, Cr, Cu, Zn,
and Ni were determined by flame atomic absorption spectrometry in the mangrove
simulated with sediment of Todos os Santos Bay, Brazil. These models also monitor
other biogeochemical parameters (nitrogen, phosphorus, total organic carbon, pH,
redox potentioal, dissolved oxygen, salinity, temperature, bacterial density). The
integrated assessment of data showed that both techniques were effective in degrading
organic compounds from oil but that phytoremediation is the most efficient (89%
removal). The intrinsic bioremediation model has no direct correlation with metal
concentrations, but a positive correlation with Al and Ni was found in the hydrocarbon
removal by phytoremediation. Avicennia schaueriana represents efficiency in phyto-
extraction and phytostimulation. The results suggest that the phytoremediation
model, through its various mechanisms, may become a technique for the removal of
petroleum hydrocarbons in the presence of metals in mangrove ecosystems near
industrial areas.
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1 Introduction

The development of models and remediation processes for
application to mangrove zones affected by the presence of
petroleum hydrocarbons in conjunction with metals has become
a major technological requirement in the countries of coastal
regions with a strong oil industry [1, 2]. A tool that presents
contingency plans for oil spills is badly needed, especially when
regarding an ecosystem with ecological and economic importance
such as a mangrove, ranked as one of the most sensitive habitats in
the world ranking of coastal areas in the NOAA Environmental
Sensitivity Index [3].
The mangrove ecosystems have special characteristics, such as

low oxygen availability, average salinity, and low diversity of

microorganisms in relation to other environmental categories.
These special characteristics can provide a greater or lesser
biodegradation of toxic compounds. However, the impact of oil
on mangroves depends on the types of associated pollutants, their
concentration, toxicity, distribution, and also their retention time
in the water and interstitials sediments [3]. In many cases, the
mangrove can behave as reservoirs for pollutants, such as metals
coming frommarine or terrestrial environments. The toxicity of the
contamination is higher when metals are present and the degree of
difficulty involved in the removal of organic compounds derived
from petroleum becomes more complex [4, 5].
A technique widely used in mangrove areas affected by oil is the

intrinsic bioremediation (Natural Attenuation Monitored), which
is a process based on natural factors where indigenous micro-
organisms will act to degrade petroleum hydrocarbons that are
bioavailable in the interstitials sediments through a redox reaction
[6, 7]. However, this technique depends on monitoring geochemical
indicators (pH, redox potential (Eh), dissolved oxygen (DO),
temperature, nutrients) as well as microbial density. This remedial
option has been used mainly for its low cost and its wide
acceptance [8].
In recent years, phytoremediation has been applied intensely in

areas affected by oil [9–14]. The phytoremediation technique is a
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process that applies plant systems, often associated with micro-
organisms, to remove, degrade, and immobilize toxic substances in
the environment. The plant species that perform phytoremediation
may also have a tolerance to high concentrations of contaminants in
their roots, stems, and leaves [15]. Plant species perform phytor-
emediation by several physiological mechanisms, depending on the
physicochemical nature of the pollutant or property. These
physiological mechanisms may be classified as phytoextraction,
phytodegradation, phytostabilization, phytostimulation, and phy-
tovolatilization. Large areas can be remediated in several ways at a
low cost. Phytoremediation offers opportunities to remediate
contaminated water, soil, subsoil, and interstitials sediments, while
beautifying the environment. Paradoxically, the time required to
obtain satisfactory results can sometimes be long. The concentration
of the contaminant and the presence of toxins must be within the
tolerance limits of the plant used in order to avoid compromising
the treatment [16].
In mangrove interstitials, sediments contaminated by metals and

hydrocarbons, it is difficult to choose the best technique to be
applied. Few organisms can tolerate a heterogeneous contamina-
tion, even though somemicrobes use oil as an energy source [17]. The
objective of this study was therefore to evaluate the efficiency of two
models in pilot-scale remediation, the intrinsic bioremediation
(indigenous microorganisms) and phytoremediation (Avicennia
schaueriana) as applied to the degradation of hydrocarbons
associated with metals (Al, Fe, Pb, Cr, Cu, Zn, and Ni) in mangrove
interstitials sediments and to monitor other biogeochemical
parameters (pH, Eh, DO, salinity, temperature, bacterial density).

2 Materials and methods

2.1 Preparation of simulated mangrove

2.1.1 Sediment

In a mangrove ecosystem located north of Todos os Santos Bay
between the cities of Candeias and S~ao Francisco do Conde, Bahia,
Brazil, in summer 2010, sediment samples at 0–30 cm depth were
collected with a stainless sampler. These samples were sieved (4mm
sieve) and homogenized. Five sub-samples of sediments were
collected, lyophilized for 72h and sieved through 2mm mesh to
determine the physical and chemical properties of the selected
sediment. The organic matter in the sediments was determined
using a modified Mebius method [18]. Total nitrogen (TN) was
determined by Kjeldahl digestion, distillation and titration [19]. The
method of extraction to evaluate phosphorus (P) was developed by
Olsen and Dean [20]. After organic matter was removed with 30%
H2O2, particle size distribution was determined using themethod of
Folk and Ward [21]. After homogenization, sediment samples were
mixed at a ratio of 1:10 with the oil residue found in the same area, a
region active in the petroleum industry (extraction, transportation
and refining). Five replicates of homogenized sediment samples
were collected for analysis of the initial concentration of total
petroleum hydrocarbons (TPHs) and (aluminum (Al), iron (Fe), lead
(Pb), chromium (Cr), copper (Cu), zinc (Zn), and nickel (Ni) by flame
atomic absorption spectroscopy (SpectrAA 220, Varian, Mulgrave,
Victoria, Australia). TPHs were determined by gas chromatography
(GC) (Varian CP 3800, Varian, CA) equipped with a DB-5 capillary
column (15m length, 0.25mm id, 0.25 lm film thickness) and flame
ionization detector. We collected sediment in a reference area from

another study for comparison to the parameters analyzed in this
study [22].

2.1.2 Remediation models

This research was developed on a pilot-scale with two remediation
models: The first model was intrinsic bioremediation (monitored
natural attenuation) and the second model was phytoremediation
(A. schaueriana – black mangrove). These models were developed by
building units of simulated mangrove, and the material used was
glass (50� 30� 40 cm). Within each simulated unit, six glass tubes
(30�10� 10 cm) were added. Each tube would be a repetition for
each developed model, resulting in three units of simulation with
six replicates for each model. The experiment was conducted for
3months in a greenhouse near themangrove in which the sediment
and also waste oil samples were collected. The tidal regime was
simulated daily in each unit to provide models for remediation
conditions closer to a mangrove ecosystem. The choice of plant
species used in the phytoremediation model of this study was based
on pre-tests done earlier by our group, attesting to the ability of the
plant species to grow in sediments with high concentrations of
petroleum hydrocarbons [23]. Seedlings of A. schaueriana were
collected at low tide, considering their height (average: 3months
old), defining a standard sample.

2.1.3 Monitoring

For monitoring of the sediments studied in the two models, the
samples were collected at five pre-set times (7, 15, 30, 60, 90days). TPH
concentrationswere analyzed according to theUSEPAMethod 8015B,
metals were determined by the US EPAMethod 3015,macronutrients
(TN, P), total organic carbon (TOC), total organicmatter (TOM), pH, and
Eh by potentiometry using a pH/mV HandyLab1, (Schott Glaswerke
Mainz). The salinitywasmeasured by the indexof refraction using the
portable refractometer Atoga S/Mill-E. Dissolved oxygen (DO) was
measured with a WTW Oximeter OXI 3151 (Schott-Ger€ate). Bacterial
density was established using the microgotas method [24]. These
parameters were analyzed to obtain an integrated assessment of
biodegradation of organic compounds derived frompetroleum in the
presence of metals. Replicate analysis of these reference materials
showed good accuracy, with recovery rates formetals between 94 and
103% for TPHs and 92 and 101% for sediment.

2.1.4 Statistical analysis

Integrated assessment of the data for the twomodels of remediation
was also made possible by statistical tests, such as principal
component analysis (PCA) of the concentrations of all data analyzed
in surface sediments of each type of remediation, in order to find the
main variables influencing the degradation of TPHs. Other statistical
tests were applied: The K-means, the Kolmogorov–Smirnov test,
parametric Tukey-Kramer, and Pearson correlation. All the statisti-
cal evaluationwas performed using the software STATISTICA 9.0 and
GraphPad Software.

3 Results and discussion

3.1 Monitoring of the experiment

Before the start of the experiments, a pre-established set of
parameters was analyzed in the sediment before (reference) and
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after mixing with the oil (contaminated, day 0). During the 3-month
experiment, the same parameters were also monitored as shown in
Table 1. The results showed that after the homogenization of the
sediment with the oil, there was an increase in the concentration of
most metals tested except for iron (Fe). However, all values were
below the threshold effect level and were not toxic to biota [21]. In
other experiments, this same behavior was also observed relative to
the higher concentration of metals in sediments contaminated with
oil [22, 23]. The pH values ranged from 7.31 to 7.90 for intrinsic
bioremediation and from 6.93 to 7.60 for phytoremediation. Both
remediation methods maintained pH within the expected range for
optimum degradation of oil [24]. For the monitoring of temperature
(25–30°C), the averages where the greatest enzymatic activity of
microorganisms in bioremediation occurs were classified as
ideal [25]. The salinity during the experiment in both models
showed a range of variation that would not jeopardize the
degradation of microorganisms [26].
Concentrations of macronutrients (N and P) and organic matter in

sediments also were within the range that is expected for
degradation by the biota in sediments impacted by organic
compounds [24].

3.2 Biodegradation

The removal of hydrocarbons derived from petroleum in the
presence of metals was evaluated in two models of biodegradation
during remediation in a 90-day experiment. Within 15 days of the
initial model intrinsic bioremediation of a higher efficiency was
verified compared to phytoremediation, which has become more
efficient from day 15 onwards. This result was expected, since plants
need a period of days to adapt to the contaminated sediment in
order to reach their maximum efficiency at removing contaminants
[27]. After 3months, A. schaueriana removed compounds in sedi-
ments from the initial value of 33.2–4.2mg/g, while intrinsic
bioremediation showed a decrease from 33.2 to 9.2mg/g (Fig. 1).
Phytoremediation was able to remove hydrocarbons from the
sediment about 19% more efficiently than the intrinsic bioremedia-
tion. This increased efficiency of phytoremediation relative to the
intrinsic bioremediation corroborates other studies of sediments
affected by oil organic compounds [28, 29].
The values of the metals in the two models during the 90 days

remained relatively constant, though we observed a moderate
removal (18%) of nickel (Ni) and low removal (8%) of chromium (Cr)
by the black mangrove (Fig. 2). This sequence of degradation and
higher removal of the template for phytoremediationwas consistent
with the results of the analysis of bacterial density in the sediment.
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time.
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After applying models of remediation in sediments, a significant
increase in the number of microorganisms was observed after 7 days
in both models, showing a significant difference from the original
sediment sample, 8.3� 106 (intrinsic bioremediation) and 1.5� 106

(phytoremediation by A. schaueriana) colony forming units (CFU) g�1,
respectively (Fig. 3). After 30 days, an increase of microbial
communities in phytoremediation as well as the quantified values
of 12� 106 to 19� 106 CFUg�1 were observed. There was a drastic
drop in the number of microorganisms in the intrinsic bioremedia-
tion model (1.8� 106 CFUg�1). These results suggest that the black
mangrove should have a high capacity to stimulate the degradation
of organic compounds by bacterial communities, through some
allelopathic compounds (such as carbohydrates, organic acids, and
amino acids) are similar to the organic compounds that stimulate
the defenses of communities or other compounds that are provided
by the action of the plants’ roots, stimulating the microorganisms,
thereby corroborating other studies [30, 31].

3.3 Integrated assessment

To evaluate how themetals and other parameters in this experiment
affected the removal of organic compounds derived from petro-
leum, we used the Pearson correlation to get an indication of the
strength and direction of the linear relationship between variables
in both of the models of remediation that were applied. In intrinsic
bioremediation (Table 2), a strong negative correlation was observed
between the concentrations of copper (Cu) and the concentration of

TPHs throughout the experiment. This negative correlation
indicates that there was a greater availability of the metal during
the biodegradation of hydrocarbons, which may have inhibited
greater removal of indigenous microorganisms [32]. No strong
correlation was observed for the other metals. For the macro-
nutrients (N, P) and DO, the correlation with the removal of TPHs
was strongly positive, indicating that in this model of remediation,
the oxygen and nutrients in the sediment were more available for
the degradation of organic compounds. This correlation agrees with
information published in the literature [33]. When the phytoreme-
diation model was evaluated, a strong positive correlation between
the removal of hydrocarbons and nickel (Ni) and aluminum (Al), as
well as the consumption of nitrogen and phosphorus was observed
(Table 3). In the phytoremediation model, A. schaueriana performed
phytoextraction of metals from the sediment, and associated
microorganisms also removed the oil. This same behavior has
already been seen applied to other plant species in contaminated
sediments [34, 35]. The degradation of the hydrocarbons in black
mangrove may have used the mechanism of phytostabilization for
lead (Pb), as a negative correlation between the variables was
observed.
With the objective of obtaining a smaller number of linear

combinations than the ones found in the Pearson correlation, an
analysis of the principal component models remediation (PCA) was
also carried out. Intrinsic bioremediation in the two main factors
could explain 79.74% of the variation in the data analyzed, with the
first factor explaining 55.76% and second 23.98% (Fig. 4). The values
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of TPHs, Pb, Cu, Zn, P, TN are well-represented on the chart where
strong positive correlations were noted between pH and P and TPHs,
corroborating the results of the Pearson correlation. However, this
analysis showed that the concentrations of Al, Ni, Cu, Zn, Fe, and Pb
are independent of the removal of hydrocarbons, making it clear
that all of the metals are likely to have influenced the biodegrada-
tion. This model shows a negative correlation between the variables
DO, TOC, TOM, salinity, C/Nwith the TPHs. Some type of remediation
must have occurred, because the degradation of organic compounds
in sediments with indigenous microorganisms has been linked
directly to the consumption of oxygen, organic matter, and
nutrients [33].
When the PCA was applied to phytoremediation, the two main

factors explained 72.62% of the variance, with the first principal
components explaining 51.08% and the second principal compo-
nents explaining 21.54% of the data that were evaluated (Fig. 5). In
this model, the graph clearly represented the values of TPHs, Ni, Pb,
Cr, TN, P, Al, and Ni strongly correlatedwith TPHs in agreement with
Pearson’s correlation. Moreover, it was evident that the hydrocarbon
removal was independent of the variables Cr, Cu, Zn, Pb, Fe, DO,

and salinity, suggesting that these variables did not influence
the biodegradation. The cause of the lack of influence on the
biodegradation may be the phytostabilization of the metals, in
addition to the behavior of A. schaueriana as a halophyte species
in the presence of salts [36]. Moreover, a strong negative correlation
between certain variables and the TPHs was not shown, although
there is a moderate negative correlation between TPHs with TOC
and T, suggesting that the greater extent of degradation of
compounds happened when the temperature was higher and the
quantity of organic carbon in the environment was larger [37–42].
These results are different from those found for of Rizophora

mangle (red mangrove) [39]. These are different species and,
therefore, they have different physiologies. While the red mangrove
has a strong feature for the extraction ofmetals, the blackmangrove
has a physiology that stabilize these metals in the roots, which
causes it to not have the same translocation of these metals that
R. mangle accumulation in leaves. Therefore, the metals correlation
is different.
The novelty of this new manuscript is precisely because we are

presenting results of different phytoremediation to another plant

Table 2. Pearson correlation in intrinsic bioremediation

pH Eh T Sal DO Cu Zn Pb Cr Ni Fe Al TOM TOC TN P TPH

pH 1
Eh –0.92 1
T –0.23 0.18 1
Sal –0.80 0.58 0.31 1
DO –0.31 –0.07 0.10 0.74 1
Cu –0.21 –0.09 0.04 0.73 0.90 1
Zn –0.04 0.03 0.93 0.27 0.09 0.17 1
Pb –0.39 0.28 0.76 0.71 0.46 0.57 0.85 1
Cr –0.17 0.23 0.88 0.32 -0.02 0.11 0.97 0.86 1
Ni –0.01 0.08 0.64 0.29 0.03 0.30 0.87 0.84 0.92 1
Fe –0.46 0.32 0.79 0.65 0.50 0.39 0.72 0.84 0.70 0.54 1
Al 0.48 –0.34 0.43 –0.30 –0.22 –0.14 0.59 0.33 0.57 0.60 0.40 1
TOM –0.47 0.22 0.05 0.85 0.86 0.89 0.13 0.60 0.14 0.27 0.57 –0.05 1
TOC 0.50 –0.23 –0.71 –0.82 –0.73 –0.68 –0.67 –0.87 –0.60 –0.50 –0.82 0.00 –0.65 1
TN 0.67 –0.38 –0.50 –0.91 –0.83 –0.68 –0.39 –0.72 –0.35 –0.23 –0.83 0.13 –0.79 0.92 1
P –0.52 0.24 0.43 0.91 0.86 0.87 0.46 0.83 0.44 0.46 0.76 –0.02 0.90 –0.91 –0.93 1
TN 0.52 –0.16 –0.24 –0.85 0.91 –0.83 –0.18 –0.54 –0.09 –0.07 –0.49 0.44 –0.74 0.84 0.87 0.86 1

Bold values signify those with significant correlations in the study.

Table 3. Pearson correlation in intrinsic phytoremediation (A. schaueriana)

pH Eh T Sal DO Cu Zn Pb Cr Ni Fe Al TOM TOC TN P TPH

pH 1
Eh –0.17 1
T –0.38 –0.66 1
Sal –0.88 0.37 0.29 1
DO –0.58 0.21 0.23 0.36 1
Cu –0.19 0.80 –0.22 0.40 0.16 1
Zn –0.27 –0.11 0.58 0.28 0.69 0.02 1
Pb –0.84 0.33 0.45 0.82 0.69 0.56 0.52 1
Cr –0.33 0.24 0.31 0.52 0.60 0.23 0.89 0.56 1
Ni –0.67 0.20 –0.69 –0.60 –0.09 –0.23 –0.07 –0.67 0.03 1
Fe –0.36 –0.32 0.89 0.34 0.43 0.16 0.76 0.65 0.55 –0.61 1
Al 0.63 0.57 –0.65 –0.25 –0.38 0.42 –0.15 –0.38 0.14 0.64 –0.40 1
TOM –0.64 –0.32 0.87 0.62 0.16 0.13 0.35 0.69 0.24 –0.94 0.80 –0.61 1
TOC –0.64 –0.32 0.87 0.62 0.16 0.13 0.35 0.69 –0.24 –0.94 0.80 –0.61 1.00 1
TN 0.50 0.20 –0.27 –0.19 –0.05 –0.03 0.39 –0.33 0.57 0.73 –0.11 0.73 –0.49 –0.49 1
P 0.22 0.15 –0.27 –0.15 0.37 –0.26 0.51 –0.20 0.59 0.77 –0.15 0.37 –0.56 –0.56 0.82 1
TN 0.78 0.06 –0.68 –0.71 –0.30 –0.35 –0.24 –0.83 –0.17 0.97 –0.68 0.61 –0.93 –0.93 0.65 0.64 1

Bold values signify those with significant correlations in the study.
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species (A. schaueriana) which has a higher occurrence in the world
than R. mangle and other species, and showed different results in
absorption and translocation of metals, as was proven by the
statistical treatment [43, 44].

4 Concluding remarks

Regarding the application of the developed models to remediation
of mangrove sediments simulated on a pilot scale, the conclusion is
that phytoremediation shows a higher efficiency relative to the
removal of petroleum hydrocarbons, than intrinsic bioremediation.
The presence of metals did not influence bioremediation directly

except for Cu, whichmay havemoderately inhibited the efficiency of
the process. Ni and Al seem to have been absorbed by A. schaueriana
while they were removed from the hydrocarbons, which may
have favored the growth of microorganisms in the rhizosphere, in
addition to the stimulation by the allelopathic compounds. The
implementation of the phytoremediation model in areas impacted
by oil activities can be important, because phytoremediation is an
inexpensive, environmentally friendly, and socially correct tech-
nique. Moreover, phytoremediation may also contribute to the
reduction of global warming through carbon sequestration by
applied plants, showing not only local but also global importance.
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