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Abstract Organic pollutants may reach the aquatic
environment through oil spills during transportation
and/or oil production processes, and most of the stud-
ies about oil degradation are mainly related to the
role of bacteria and fungi in this process. Consider-
ing the vulnerability of the marine environment to oil
accidents, the present work investigated the biodeg-
radation of petroleum hydrocarbons in contaminated
marine waters using Nannochloropsis oculata micro-
alga at a laboratory scale. The biodegradation experi-
ment was carried out in reactors with natural seawa-
ter, microalga strain, and petroleum (C1 indicates
0.04 g L™! and C2 indicates 0.08 g L™ of petroleum).
A reactor without petroleum (C0) was carried out to
assess the density of microalgae cells. Total petro-
leum hydrocarbons analysis was carried out through
liquid-liquid extraction, and quantification was done
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by gas chromatography—flame ionization detection
(GC-FID), while the cell counting was performed
using a microscope equipped with a Neubauer cham-
ber. N. oculata showed good adaptation to both con-
centrations, indicating its resistance against petroleum
pollutants and its growth ability even in the presence
of petroleum. N. oculata was able to degrade petro-
leum hydrocarbons for both concentrations (~83% of
the light and~60% of the heavy compounds for C1;
and~74% of the light and~58% of the heavy com-
pounds for C2 in 22 days) and the percentage of deg-
radation for each simulation were 68 and 65% for C1
and C2 reactors, respectively. This is a pioneering and
relevant study and may be helpful to further studies
regarding N. oculata application and phycoremedia-
tion of dissolved oil.

Keywords Microalgae - Remediation - Petroleum -
Biodegradation - Wastewater

1 Introduction

Fossil fuels represent 80% of global primary energy
consumption (Qari et al., 2017), and petroleum is
considered the main energetic matrix worldwide
and exerts great influence on the global economy.
With industrialization and economic development,
population needs have grown, and the environment
has become more vulnerable to several impacts
(Aragjo et al., 2014). Petroleum activities are mainly
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developed in the marine environment, so the likeli-
hood of accidents is greater in these areas.

According to Demirel et al. (2017), oil spillage
can occur during exploration, extraction, transpor-
tation, or refining processes, and also from ships,
oil tankers, accidents on offshore platforms, drilling
rigs and wells, and occasional leaks in oil pipelines
(Rios, 2014). Consequently, the environment will be
impacted for many years, causing long-term adverse
effects on mammals, mollusks, algae, fishes, and sea-
birds, in addition to causing damage to human health
(Piet al., 2015).

As petroleum arrives in aquatic environments, it
becomes susceptible to several changes in its compo-
sition due to chemical, physical, and biological pro-
cesses that determine its degradation rate and how
long it will remain in the environment (Speight &
El-Gendy, 2018). Temperature, petroleum viscosity,
amount of spilled oil, density, and hydrodynamics of
the affected region also influence the degradation pro-
cess (Pi et al., 2015).

There are some remediation techniques for the
degradation and removal of pollutants present in the
soil or water (El-Sheekh et al., 2013). Bioremedia-
tion is based on organisms like plants (Moreira et al.,
2013), bacteria, fungi (Moreira et al., 2016), and
algae (Marques et al., 2020) and presents advantages
in comparison to classical techniques once it is more
versatile, cheaper, and does not change natural envi-
ronmental conditions (Aradjo et al., 2014), besides
being environmentally friendly (Hamouda et al,
2016).

In aquatic environments, organic pollutants are
susceptible to biodegradation through a series of
organisms, but most of the studies are focused on
the role of bacteria and fungi in the degradative pro-
cesses (Dagley, 1978; Middelhoven, 1993). Thus, it is
important to develop research to assess the possibility
of using other microorganisms to biodegrade pollut-
ants and treat contaminated water. An alternative is
the utilization of microalgae since they have favora-
ble characteristics that enable their use for wastewa-
ter treatment. In addition to promoting the reuse of
microalgal biomass, microalgae can remove organic
carbon for transformation into biomass for the gen-
eration of bioproducts (Marques et al., 2017), such as
pigments, antioxidants, lipids for biofuels, carbohy-
drates, and proteins for biopolymer (Baumgardt et al.,
2016).
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Microalgae are unicellular and photosynthetic
ubiquitous organisms and important primary produc-
ers in marine and freshwater systems (Faria et al.,
2012). Microalgae are receiving much attention due
to some characteristics like (i) quick growth under
different growing conditions (Reyimu & Ozcimen,
2017); (ii) cultivation in nonarable lands (Singh et al.,
2011); (iii) useful for pollutants removal (Hammed
et al., 2016), including those resulting from petro-
leum exploration (Ammar et al., 2018; Marques et al.,
2021). Although some studies have been carried out
on the use of microalgae for petroleum removal (EIl-
Sheekh et al., 2013; Kalhor et al., 2017; Marques
et al., 2021), these studies are recent and do not sim-
ulate situations of oil spills, as demonstrated in our
study.

The genus Nannochloropsis is widely distributed
in oceans, but they can grow in brackish or freshwater
environments, playing significant roles in global car-
bon cycles and minerals cycles (Sukarni et al., 2014),
and it is also used in the human diet due to its nutri-
tional value (Carrera-Martinez et al., 2011). Nanno-
chloropsis oculata (Droop) Hibberd, marine micro-
algae from the Monodopsidaceae family, have high
growth rates, high lipid productivity, and resistance
to adverse environmental conditions (Ribeiro et al.,
2016). A high content of eicosapentaenoic acid (EPA
C20:5n3) is widely used in the feeding of rotifers and
fishes larvae (Rocha et al., 2003) and for human con-
sumption (Liu et al., 2017).

There are some types of research about N. oculata
and its applications as animal feed, biofuel produc-
tion, and for human consumption, but there is not
any research evaluating the capability of N. oculata
in phycoremediation processes for petroleum removal
from seawater. Thus, in this study, we aimed to exam-
ine the efficacy of N. oculata in the biodegradation of
dissolved petroleum in natural seawater under experi-
mental conditions. N. oculata was exposed to differ-
ent dissolved oil concentrations, and their degradation
efficiency was calculated by monitoring its capability
of degradation, its growth in contaminated water, and
the content of total petroleum hydrocarbon (TPH) in
seawater samples.

This research is the first one to examine the effi-
cacy of N. oculata in the biodegradation of petro-
leum hydrocarbons in natural seawater under experi-
mental conditions, assisting in the composition of
a database about this species and being helpful to
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other researches about phycoremediation of dissolved
petroleum.

2 Materials and Methods
2.1 Stock Culture of Microalgae

In order to obtain enough volume of microalgae to
perform the experimental tests, N. oculata cells were
cultured for 10 days at the Bioenergy Laboratory and
Catalysis (LABEC/UFBA). The microalgae strains
used had already been isolated and identified by the
LABEC team (LB2164). About 100 mL of micro-
algae strain, which is equivalent to 10% of the total
volume of the experiment, was inoculated in a glass
flask containing natural seawater and Conway cul-
ture medium (Walne, 1979), and it was submitted to
constant aeration and luminosity during the growth
period (10 days).

2.2 Biodegradation Experiment

The simulations were performed using 1 L reactors,
with each concentration carried out in triplicate,
except for the control reactors. The C1 reactors con-
tained natural seawater, microalgae, and petroleum in
a concentration of 0.04 g L~!, while the C2 reactors
contained natural seawater, microalgae, and 0.08 g
L~ 'of petroleum. Furthermore, control reactors (CT1
and CT2) were considered, as they contained only
natural seawater and petroleum in the same concen-
trations used in C1 and C2 reactors. These petroleum
concentrations were used to test the microalgae tol-
erance, which is still not known in the literature.
Considering that other microorganisms can tolerate
between 0.05 and 0.075 g L™! of petroleum (Essabri
et al., 2019), a similar oil concentration range was
chosen.

Using pre-cleaned amber glass bottles, natural sea-
water (12 L) was sampled on Porto da Barra beach,
located in Salvador, Brazil. Natural seawater was fil-
tered with a vacuum filtration system and fiber-glass
filters (Whatman®, 47 mm diameter and 1.6 ym pore
size), and about 800 mL of it was transferred to each
reactor, which was sealed and placed in the vertical
autoclave (Prismatec® and internal capacity of 137
L) for sterilization during 20 min at 120 °C.

The petroleum used in this experiment was from
the Campos Basin due to its importance to Brazil’s
economy and because the lowest viscosity compared
to other available oils. With an automatic micropi-
pette, a calculated volume of oil was added to each
reactor to obtain concentrations of 0.04 and 0.08 g
L~!. After this, the reactors were slightly shaken to
improve petroleum dispersion, and then the micro-
algae were added. The hose and filter system were
attached to each reactor to promote aeration, and
then the reactors were sealed and placed on a shelf
with coupled artificial lighting. Finally, the hose sys-
tem was coupled to a compressor with a constant
airflow of 3 L min~!, finishing the setting-up of the
experiment.

2.3 Monitoring and Sampling Procedures

Monitoring was carried out daily, observing the con-
ditions of luminosity and the temperature of the labo-
ratory, besides evaluating any abnormality. All reac-
tors were stirred at least once a day to homogenize
the water column. To estimate cell density and spec-
troscopy, aliquots of 1.5 mL were taken from reac-
tors CO.1, C1.1, and C2.1 every 3 days with a Pasteur
pipette. On the first day of the experiment, aliquots
were taken from each control reactor to quantify the
amount of total petroleum hydrocarbon (TPH) at the
beginning of the experiment. For total petroleum
hydrocarbons (TPH) determination, 50 mL aliquots
were taken from each reactor considering the days of
the experiment: TOfirst day, T8-8th day, T15-15th
day, and T22-22nd day.

2.4 Analytical Methods

2.4.1 Total Petroleum Hydrocarbons (TPH)
Determination

TPH quantification in the aqueous medium was car-
ried out by liquid-liquid extraction based on the
methodology of Moreira et al. (2015). The solvent
used was pure dichloromethane (Merck, Darm-
stadt, Germany), and the extract was concentrated to
500 pL in a rotary evaporator (R-201/215, BUCHI,
Flawil, Switzerland), and then it was transferred to
calcined vials (at 400 °C for 4 h in a muffle oven).
The analyses were performed in a gas chromato-
graph with a flame ionization detector (GC-FID
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7890B, Agilent Technologies, Santa Clara, Califor-
nia, USA) using capillary fused silica column DB-1
(15 mx0.25 mmx0.25 pm). Chromatographic con-
ditions were: initial oven temperature at 40 °C for
2 min and heating rate of 10 °C min~! to 300 °C for
12 min; injector and detector temperature of 300 °C
with hydrogen as a carrier gas at 1.0 mL min~! with
constant flow and injection volume of 1 pL.

Samples were injected on the gas chromatograph,
and the concentration of TPH was provided through
a chromatogram containing the concentration of car-
bons (n-C8 to n-C40), which was used to assess and
calculate the degradation of TPH by microalgae.
The pristane/phytane ratio was used to determine the
degree of petroleum degradation and was determined
with the data provided by the chromatograms, which
show the concentrations of n-C17 (pristane) and
n-C18 (phytane) (Silva, 2011).

The unresolved complex mixture (UCM) is charac-
terized in the chromatogram by the abrupt elevation
of the baseline between carbons n-C13 to n-C36. The
UCM represents a set of compounds formed by iso-
mers and homologs of branched and cyclic hydrocar-
bons that cannot be identified and quantified individu-
ally by current chromatographic methods but suggests
degradation of petroleum components (Silva, 2011).

2.4.2 Cellular Density

Cells counting was performed through microscopy
(Binocular AxioStar Plus, Zeiss®) using a Neubauer
chamber. Aliquots representing each concentration
of petroleum were taken every 3 days, and the count-
ing was made to evaluate if the density of microalgae
would be affected by the different concentrations of
petroleum.

2.4.3 Statistical Analysis

The data’s normality and homogeneity of variances
were evaluated by Shapiro—Wilk and Bartlett tests,
respectively. The data were analyzed using ANOVA.
Analysis that showed heteroscedastic variance was
tested with Kruskal-Wallis and Dunn’s posteriori
test. Otherwise, treatments were compared using Tuk-
ey’s post hoc test. The concentration of oil (0.04 and
0.08 g L™!) and time of degradation were tested for
concentrations of TPH and UCM parameters using
bi-factorial ANOVA (p <0.05). All statistical analysis
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was performed in the R environment (R Core Team,
2021), with a significance level of p < 0.05.

3 Results and Discussion
3.1 Removal of Total Hydrocarbon Petroleum (TPH)

The mean values of total petroleum hydrocarbon
(TPH) in reactors without (CT1 and CT2) and micro-
algae (C1 and C2) are shown in Fig. 1.

TPH values varied between 5932.73 to 3324.57 mg
L~! and between 11,226.31 to 23,081.16 mg L~! for
CT1 and CT?2 reactors, respectively. For the reactors
with microalgae, TPH values varied between 5932
and 9881 mg L™ for C1 and 11,226 and 17,888 mg
L~! for C2. All results of the bifactorial analysis were
significant for TPH data (Table 1). Tukey’s post hoc
test showed significant differences between days zero
and eight. The significant differences among TPH
treatments are shown in Fig. 2, which highlights
the post hoc results of treatments with different oil
concentrations.

In the CT1 reactors, TPH values decreased
throughout the experiment, which may characterize
the degradation of some compounds (degradation of
44%). Although TPH concentrations at T15 were very
low (364.74 mg L"), we cannot affirm that this result
indicates a degradative process once some errors may
have occurred during sampling or extraction. On the
other hand, TPH values increased over time for CT2
reactors, which can be justified by the highest con-
centration of petroleum. Oil in higher concentrations
needs more time to enhance its solubility and become
more susceptible to degradative processes, which
explains the non-reduction of TPH in that treatment.

Regarding reactors with microalgae (C1 and C2),
it was observed the same behavior in TPH concentra-
tions for both simulations. TPH values were higher on
the eighth day due to the increase in the solubility of
the petroleum in the water. The increase in hydrocar-
bons on days 8 and 15 in some reactors may result
from microalgae’s oil production because the chroma-
tograph does not distinguish oil from petroleum and
oil of microalga. The TPH reduction in the T15 and
T22 stages occurred due to the microalgae activities
(degradation of 25 and 31% for C1 and 17 and 28%
for C2, respectively).
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Fig. 1 Mean concentra-
tions of TPH during 22 days
for reactors with (C1 and
C2) and without microalgae
(CT1 and CT2). All reactors
had seawater and dissolved
oil in two concentra-

tions —0.04 (CT1 and C1)
and 0.08 g L™! (CT2 and
C2). Bars indicate standard
deviation (n=3), which is
not present in CT1 and CT2
because they were not car-
ried out in triplicate
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Table 1 The two-way df SS MS F P

ANOVA summary table

for Tl(’iH .COHCEHtfaUOHS Day 3 8.011e+07 26,703,011 3.019 0.04407

considering all treatments

(CT1, CT2, C1, and C2) Treatments 1.097e+09 365,566,209 41.331 4.08¢—11
Day*treatments 9 3.624e+08 40,262,023 4.552 0.00065
Residuals 32 2.830e +08 8,844,824

The decrease in petroleum hydrocarbons at the end
of the experiment followed the growth of microalgae.
As the water was autoclaved before being used in the
experiment, only the action of microalgae occurred in
the experiment. The biodegradation of TPH is facili-
tated by the secretion of extracellular enzymes by the
microorganisms in action, leading to the transforma-
tion of oily substances into less toxic compounds,
which may explain the decrease in TPH in this work
(Essabri et al., 2019).

Unresolved complex mixture (UCM) values varied
between 4201.89 and 2461.55 mg L™! and between
8273.70 and 17,450 mg L~! for CT1 and CT2 reac-
tors, respectively. The mean concentrations for Cl
and C2 reactors varied between 2334 and 4986 mg
L%, from 5591 to 9641 mg L~! for C1 and C2,
respectively (Fig. 3). The bifactorial ANOVA showed
significant differences in UCM concentrations among
treatments and with interaction (days and treatments),
but not during the time of biodegradation (Table 2).

Figure 4 highlights the post hoc results of treatments
with different oil concentrations, showing that C2
and CT2 reactors presented higher UCM concentra-
tions than C1 and CT1 reactors. The ANOVA signifi-
cant results from interactions (days and treatments)
occurred between C2 (day 0) and C1 and CT2 (day
0) and C1.

UCM refers to an indeterminate chemical fraction
that is generally composed of recalcitrant compounds
that are more difficult to biodegrade and includes alk-
enes, alkynes, cycloalkanes, monoaromatics, poly-
cyclic aromatic hydrocarbons (PAHs), steranes, and
polychlorinated biphenyls (PCBs) (Gregorio et al.,
2016). In this study, UCM values followed the same
pattern as TPH: increasing concentrations at the
beginning of the experiment and decreasing in the
final times. Although the expected was an increase
in UCM concentration, the decrease found during
the experiment may indicate that these microalgae
have more complex metabolic routes than bacteria.

@ Springer
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Fig. 2 Boxplot of TPH concentrations (mg L~') during
22 days for reactors with (C1 and C2) and without microalgae
(CT1 and CT?2). All reactors had seawater and dissolved oil in
two concentrations —0.04 g L™! (CT1 and C1) and 0.08 g L™
(CT2 and C2). Equal letters indicate that there is no significant
difference between the treatments studied

Therefore, these microorganisms can biodegrade
unresolved and recalcitrant compounds, corroborat-
ing the results found by Cao et al. (2013).

Walker et al. (1975) observed that the algae Pro-
totheca zopfii was capable of degrading about 40%
of crude oil when submitted to proper conditions,
degrading a higher percentage of saturated hydrocar-
bons regarding aromatics. Cao et al. (2013) observed,
through a laboratory experiment that degradation
rates of crude oil were about 29.5%, 22.4%, and 18%
using Scenedesmus obliquus, Oscillatoria sp., and
Dunaliella tertiolecta, respectively.

The degradation of aromatic compounds was
observed for the first time in a study by Cerniglia
et al. (1980), where the authors observed that the
oxidation capacity of aromatic hydrocarbons is gen-
eralized in the algae kingdom. Later, other research-
ers found that algae are capable of different oxidizing
types of hydrocarbons (not only aromatics) into less
harmful compounds, suggesting its potential for the
degradation of crude oil (Cao et al., 2013). It is essen-
tial to mention that the diversity of these organisms’
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§
O Cc1
z 8000 -+
> mC2
[]
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E = ‘|’
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Fig. 3 Mean concentrations of the unresolved complex mix-
ture (UCM) during 22 days for reactors with (C1 and C2) and
without microalgae (CT1 and CT2). All reactors had seawater
and dissolved oil in two concentrations —0.04 g L~! (CT1 and
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C1) and 0.08 g L~! (CT2 and C2). Bars indicate standard devi-
ation (n=3) and are not present in CT1 and CT2 because they
were not carried out in triplicate
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Table 2 The two-way df SS MS F P
ANOVA summary table
for USM Conﬁentratloﬂs Day 3 17,647,309 5,882,436 2518 0.0757
considering all treatments
(CT1, CT2. C1, and C2) UCM 3 628,241,671 209,413,890 89.644 1.17e =15
Day*Treatments 213,997,505 23,777,501 10.178 0.000000341
Residuals 32 74,754,291 2,336,072
detail the characteristics of the organisms that will be
’ used for bioremediation to improve these processes
: mentioned above.
15000 . c Table 3 presents the concentrations of pristane and
phytane and the pristane/phytane, pristane/n-C,; and
- phytane/n-C g ratios for control experiment (reactors
= * - with natural seawater and petroleum).
3 10000 . : . , )
S b | ; The pristane/phytane ratio can be applied as an
BRI . . o« . . .
ﬁ indicator of the origin of hydrocarbons in the envi-
3° : ronment. For this, values above 1 (usually between 3
5000 — ¢ —.— a"—._ and 5) indicate a predominance of biogenic sources
E (Steinhauer & Boehm, 1992), while values below or
* bod . . R
e close to 1 indicate anthropogenic input of petroleum.
0- - In this study, values were higher than 1 for both con-
' ' 1 ' trol reactors (Table 3), indicating biological sources,
c c2 CT1 CcT2 . . .
which can be explained by the possible presence of
Treatments

Fig. 4 Boxplot of UCM concentrations (mg L) during
22 days for reactors with (C1 and C2) and without microalgae
(CT1 and CT?2). All reactors had seawater and dissolved oil in
two concentrations —0.04 g L™! (CT1 and C1) and 0.08 g L™
(CT2 and C2). Equal letters indicate that there is no significant
difference between the treatments studied

characteristics may influence their capacity for
growth, adaptation, and reproduction and may also
influence the petroleum bioremediation rates (Cao
et al., 2013). Therefore, it is important to analyze in

microorganisms in the petroleum added to each reac-
tor since the seawater was sterilized and, therefore,
had no microorganisms.

The ratios pristane/n-C;; and phytane/n-C,; are
used to estimate the degree of degradation of petro-
leum in the environment—values below 1 indicate the
presence of degraded petroleum and values greater
than 1 indicate recent/non-degraded petroleum. It
occurs because both pristane and phytane are the
main branched alkanes originating from the diagen-
esis of phytol (composed of phytoplankton, zooplank-
ton, and bacteria) and are the first to be biodegraded

Table 3 Values of pristane and phytane concentrations and the pristane/phytane, pristane/n-C,;, and phytane/n-C g ratios for CT1

(0.04 g LY and CT2 (0.08 gL ™)

CTl1 CT2

Sampling TO T8 T15 T22 TO T8 T15 T22
Pristane (mg L") 58 68 <LOQ* 14 99 144 136 226
Phytane 37 42 <LOQ* 14 59 97 78 129
(mg L™

Pri/Phy 1.57 1.62 <Ncb 1.00 1.67 1.48 1.74 1.75
Pri/n-C,, 0.87 0.86 <Ncb 0.80 0.74 0.77 0.76 0.75
Phy/n-C g 0.54 0.54 <Ncb 0.80 0.51 0.56 0.51 0.51

2L0Q, limit of quantification; "not calculated because both compounds used in ratio had concentrations below detection limit
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by microorganisms (Silva, 2011; Steinhauer &
Boehm, 1992). For both concentrations at control
reactors, the values of these ratios were less than 1 at
the end of the experiment (Table 3), indicating petro-
leum degradation and evidenced by the increase in
the concentrations of TPH and UCM.

Pristane and phytane medium values and the pris-
tane/phytane, pristane/n-C,, and phytane/n-C, ratios
for reactors with microalgae are shown in Table 4.
None of the estimated concentrations showed a sig-
nificant difference between the days sampled.

The pristane/phytane ratio used to assess the bio-
genic contribution presented an increase in T8 and,
after that, decreased again in the C1 reactors, while
the C2 reactors only observed a decrease in these
ratios over time. The pristane/n-C;; and phytane/n-
C,¢ ratios presented, in general, values smaller than
1, indicating the occurrence of degraded petroleum,
but in this experiment, the utilization of these ratios
as indicators of biodegradation is not indicated.

According to Gassmann (1981), phytol is one of
the constituents of chlorophyll, and its degradation,
according to Figueiredo (1999), produces several
alkanes isoprenoids, including pristane (oxidation
reactions) and phytane (dehydration reactions).

3.2 n-alkanes Degradation

Concentrations of n-alkanes in the range of n-C8 to
n-C40 were provided by chromatograms of each sam-
ple. To assess the degradation of n-alkanes, these
compounds were separated regarding their boiling
points (BP). Thus, low molecular weight n-alkanes
(LMW) are those with BP under 350 °C, while high
molecular weight n-alkanes (HMW) are those with
BP higher than 350 °C. The results of LMW and
HMW found for both concentrations at TO and T22
are shown in Fig. 5 to visualize the degradation better.

Values for C1 reactors varied between 430.39 and
7471 mg L™! and 794.18 and 315.37 mg L' for

Table 4 Mean values and its respective standard deviation of pristane and phytane concentrations and the pristane/phytane,
pristane/n-C,, and phytane/n-C ratios for C1 and C2 (mg L™1). At TO, no replicates were carried out

C1(0.04gL™ C2(0.08gL™

Sampling TO T8 T15 T22 TO T8 T15 T22
Pristane (mg LY 58 23+26 6+8 5+2 99 49+18 35+2 22+3
Phytane (mg L) 37 14+3 9+14 8+2 59 42+13 34+2 25+2
Pri/Phy 1.57 257177 0.61+£0.04 0.60£0.12 1.67 1.18£0.07 1.02+£0.01 0.87+0.06
Pri/n-Cy, 0.87 1.26+1.01 0.38+£0.01 0.45+0.04 0.74 0.69+0.07 0.69+0.02 0.66+0.09
Phy/n-C g 0.54 0.35+£0.02 0.38+£0.01 0.40+£0.05 0.51 0.42+0.05 0.45+0.01 0.44+0.04
Fig. 5 Low and high 1000
molecular weight n-alkanes
concentrations at the begin- 900
ning and at the end of the 300
experiment for both con-
centrations (mg L™1). All T 700
reactors had seawater and ® 600
dissolved petroleum in two = mC1LMW
concentrations —0.04 (C1) g 500 -1 HMW
and 0.08 g L.”! (C2) S 400

Z C2 LMW

W 300 mC2 HMW

200
100
0 i
TO T22
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LMW and HMW, respectively, at TO and T22. For C2
reactors, values varied between 845.14 to 219.76 mg
L~! for LMW and from 905.76 to 384.65 mg L™ for
HMW at TO and T22, respectively.

The degradation of each reactor was calculated
considering the difference in the amount of LMW
and HMW n-alkanes at TO and T22. The values
found for the degradation of C1 reactors were 83 and
60% for LMW and HMW, respectively. For C2 reac-
tors, the values varied between 74 (LMW) and 58%
(HMW). The difference observed between the degra-
dation of LMW and HMW n-alkanes can be related
to the amount of petroleum added in each simula-
tion. According to Kalhor et al. (2017), high concen-
trations of some petroleum compounds can inhibit
microorganisms, reducing their metabolic rates and,
consequently, influencing their degradation rate.

Moreover, the degradation of each concentra-
tion was also calculated considering all n-alkanes at
TO and T22, and the values were 68% (C1 concen-
tration) and 65% (C2 concentration). Although the
results were similar, it was observed that the initial
concentration of petroleum might harm the removal
rate (or degradation rate), as reported by Del’Arco
and De Franca (2001) and Ferreira et al. (2012). Once
the concentration of the C2 reactor was double of Cl1,
the similarity between the degradation rates is justi-
fied by the requirement of more time for petroleum
to become more available to the degradative process.

Studies regarding the biodegradation of n-alkanes
by microalgae are still recent. N. oculata has been
shown to degrade these compounds, as mentioned
before, and our findings show the effectiveness of

Fig. 6 Cell counting of
Nannochloropsis ocu-

lata exposed to different
concentrations of dissolved

3.00E+06

2.50E+06

oil during 22 days (average =
values) E 200406
T
3 1.50E+06
2 1
>
o
T 1.00E+06
()
5.00E+05
0.00E+00
1 2

this microalga in the degradation of petroleum com-
pounds, being similar to those reported by Ibrahim
and Gamila (2004) and Ammar et al. (2018).

In contrast, the degradation percentage found in
this study was lower than those reported by El-Sheekh
et al. (2013) and Kalhor et al. (2017). Possibly if the
experiment provided cultivation with heterotrophic
conditions, it would increase the efficiency in remov-
ing n-alkanes, as discussed in a study by Lowrey et al.
(2016), which states that there are some species of
microalgae capable of removing organic carbon when
subjected to heterotrophic conditions.

3.3 Cell Counting and Growth

Figure 6 shows the cell’s abundance. In the reactors
without petroleum but with microalga (CO0), the cell
number initially was 1.95 x 10° cell mL~! and reached
1.06x 10° cell mL™" at the end of the experiment. For
C1 reactors, values varied initially from 2.20 x 10° to
1.01x 10%ell mL~! on the last day, and for C2 reac-
tors, values were 2.04 x 10° cell mL~! on the first day
to 5.63 x 10° cell mL~! on the end of the experiment.
In general, the first three days of cultivation were
the period of adaptation to water contaminated with
oil by N. oculata, and the decrease observed may
also be associated with the stress caused during the
set-up of the experiment or the consumption of nutri-
ents. C1 reactors showed the largest and best density
of microalgae, reaching its maximum on the 10th day
with 2.66x10° cell mL~!, and for C2 reactors was
observed a greater adaptation of the microalgae to the

== C0
C1
c2

8 9 10 15 16 17 22

Days of sampling
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contaminant, reaching maximum density on the 16th
day with 2.58 x 10° cell mL~! (Fig. 6).

From the 3rd to the 16th day, the microalgae
showed good adaptation to both oil concentrations
and the period of growth and consumption of nutri-
ents available in the medium. From the 17th day
onwards, there was a decline in microalgae growth
in all reactors, which may have occurred due to the
consumption of available nutrients. Previous studies
report that this species of microalgae can adapt and
grow in water contaminated with oil (produced water
and PW), while PW is toxic to other species of micro-
algae (Picochlorum sp. and Scenedesmus sp.) (Das &
Chandran, 2011).

The composition of oil has a predominance of
hydrocarbon compounds: 84 to 87% carbon, 11 to
14% hydrogen, 0 to 8% sulfur, and 0 to 4% oxygen
and nitrogen. These compounds are necessary for
microalgae growth and can be removed from con-
taminated water (Mujtaba et al., 2015). So, due to
being capable of growth in sites contaminated by
petroleum, it is possible that algae have fast adapta-
tion like physiological acclimation, modifying some
gene expression, and can be used as a technique for
the biological treatment of saline water contaminated
by oil or even water produced from oil activities (Al-
Ghouti et al, 2019; Diaz-Baez et al., 2004).

3.4 Potential of Nannochloropsis for Biodiesel
Production

This genus of microalga has shown to be promising
in its use for the treatment of different wastewater
mainly contaminated with some oil, whether from
petroleum or palm oil mill effluent (POME) (Emparan
et al, 2020). Nannochloropsis microalgae were
immobilized and grown in 10% POME oil, showing
efficiency in removing 71% organic carbon (325 to
94.25 mg L™!) with a higher concentration of 1.27 g
L~! and the FTIR spectroscopic analysis showed an
increase in the lipid, protein, and carbohydrate dur-
ing the POME treatment process, demonstrating the
use of this species for wastewater treatment and gen-
eration of biodiesel (lipids) and biopolymers (protein
and carbohydrate) (Emparan et al., 2020).
Nannochloropsis spp. have attracted interest from
algal biodiesel researchers due to its high accumula-
tion rate of lipids in biomass. In some research, it has
been shown that this species can reach 36.95+0.91%

@ Springer

up to 60.35+1.20% lipid content with daily produc-
tivity at 158.76+13.83 mg L™! d™! (Ma et al., 2016).
Future studies will undoubtedly be developed to bet-
ter investigate the use of marine microalgae in the
treatment of contaminated saline water regarding the
biodegradation of polluting organic compounds, in
addition to assessing the biofixation of CO, during
wastewater treatment (Ding et al., 2020) and verify-
ing the potential for reusing microalgae biomass for
the generation of liquid and gaseous biofuels (Boopa-
thy et al., 2017; Singhania et al., 2019).

Taher et al. (2020) evaluated the use of Nannochlo-
ropsis spp. as promising for biodiesel generation with
the economic factor, where they estimated that to pro-
duce 1000 tons/year of biodiesel, the manufacturing
costs and revenue was estimated at $21,843,000 and
$27,940,000/year, respectively. Other studies show
that costs can range from $0.49 to $21.81/kg. This
variation is due to the type and scale used for cultiva-
tion, source of nutrients used, biomass productivity,
lipid content, and more being supplied by wastewater
that optimizes the generation of biomass and value-
added products (Chisti, 2008).

Considering that microalgae can remove organic
carbon for transformation into biomass, recycling and
reusing the waste generated can save land resources
and reduce environmental impacts by opening up a
new economy, in addition to helping to guarantee new
jobs and provide value-added raw materials (Nizami
et al., 2017).

4 Conclusions

N. oculata grew even in the presence of petroleum,
demonstrating its adaptative capacity and resist-
ance to adverse environmental conditions such as
nutrient limitation and the presence of organic pol-
lutants. Additionally, this microalga showed to be
capable of degrading petroleum compounds, includ-
ing unresolved and recalcitrant compounds, which
is an important and relevant discovery in this study.
The development of more studies about this species
is necessary to ratify our results, in addition to assist-
ing in the composition of a database about this spe-
cies. More extended experimental tests using other
types of petroleum and investigating the metabolic
paths and the enzymes involved in the biodegrada-
tion process seem viable and can be an alternative for
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obtaining more robust results. Likewise, correcting
some possible errors in the sampling procedure and
monitoring physical and chemical parameters (such
as temperature and pH of each reactor) and nutrient
analysis seems important too.
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