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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are considered organic pollutants, which are sta-
ble, highly toxic, and carcinogenic. Therefore, it was necessary to find an environmentally friendly
way to degrade these compounds and remove them from polluted environments. Water samples pol-
luted with petroleum hydrocarbons were collected from the coast of Jeddah on the Red Sea - Saudi
Arabia. The results of the current study showed the ability of bacterial consortium that was enriched
from the coast of Jeddah, Saudi Arabia to degrade petroleum hydrocarbons wastewater, which
proved its ability to degrade PAHs in saline conditions. The bacterial union degraded BENZ com-
pound by more than 95% at the concentration of 100 and 250 mg/L, while the degradation of this
compound at the concentration of 1000 mg/L. was recorded about 83% while the ANT degradation
rate was recorded at more than 90% at different concentrations. In addition, this study revealed the
ability of bacterial consortium to treat petroleum hydrocarbons wastewater in bioreactor (CSTR)
with 92.7% of COD removed under saline conditions. Hence, this study recommends the investment
of bacterial consortium in the treatment of petroleum hydrocarbons wastewater in marine environ-
ments and to remove pollutants from them.

Keywords: Polycyclic aromatic hydrocarbons, Biodegradation, Red Sea, Benzene, Anthra-
cene.

Introduction

Due to the importance of energy used in many human needs and the significant increase in
development and technology, more energy is required for the increase in human activities. This in-
crease led to the need for more exploration, distribution, and extraction of oil as well as manufactur-
ing, refining, and transportation operations in order to provide an energy source for the world
(Welsby et al., 2021). The increase in human activities, led to more pollution problems in the aqua-
tic or terrestrial environments, including the pollution by petroleum hydrocarbons, which were
caused by many oil spills, such as transportation, extraction, prospecting, and distribution accidents,
and thus these spills affect the environment and the living organisms that live in them (Juhasz and
Naidu, 2000; Ramirez et al., 2017; Davoodi et al., 2020).

Polycyclic aromatic hydrocarbons (PAHs) are considered as organic pollutants, which are
stable, highly toxic, and carcinogenic. These compounds are considered toxic that cause many muta-
tions and are carcinogenic (Landvik et al., 2007; Rengarajan et al., 2015; Ewa and Danuta, 2017,
Stading et al., 2021; Tazdait and Salah-Tazdait, 2021). These pollutants are mainly produced by in-
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complete combustion of organic matter (Baali and Yahyaoui, 2019; José et al., 2019; Ali et al.,
2020; Zungum and Imam, 2021).

Polycyclic aromatic hydrocarbons are distributed in different ecosystems of the world, where
they are ubiquitous in sediments, soil, air, and water (Gereslassie et al., 2018; Wu et al., 2019; Ofori
et al., 2021; Zhang et al., 2021). They can also be found in drinking water (Aygun and Bagcevan,
2019; Ambade et al., 2021), food (Al-Thaiban et al., 2018; Kafouris et al., 2020), feed (Fernandez-
Gonzalez et al., 2012; Eyring et al., 2021), and others. Because of their harmful effects on humans,
the environment, and living organisms, this attracted many researchers to conduct more studies and
find solutions to get rid of these pollutants(Meador, 2010; Rubio-Clemente et al., 2014).There are
several measures that can be taken when oil spills occur such as photo-oxidation, volatilization, use
of chemical dispersants, and leaching, which can be effective in reducing the level of environmental
toxicity of PAHs (Santos et al., 2011; Lewis and Prince, 2018; Wang et al., 2021).

Therefore, removing these compounds from the environment is a major problem that drowns
researchers; thus, it was necessary to find a safe and environmentally friendly way to degrade these
compounds and remove them from polluted environments. Microbes play an important role in the
degradation and elimination of PAHs (Hassanshahian and Boroujeni, 2016). Recently, the use of the
biological treatment method has been preferred as an alternative to physical or chemical treatment
due to its low cost and environmentally friendly properties (Fakhru’l-Razi et al., 2009; Lyon and
Vogel, 2013; Rubio-Clemente et al., 2014; Abegunde et al., 2020).

Many microorganisms such as bacteria, fungi and algae play their ability to degrade, destroy,
and bioremediate PAHs. The economic aspect is a source of concern for many bioremediation
processes, and therefore bioremediation has recently proven its efficiency in mitigating pollution
problems in different sites in environments (Thavamani et al., 2012; Ndimele et al., 2018; Gaur et
al., 2021). Bacteria are one of the most important groups involved in the microbial degradation of
organic pollutants in polluted sites( Kuppusamy et al., 2016; Gaur et al., 2018; Zoppini et al., 2020;
Espinosa-Ortiz et al., 2021).Therefore, bioremediation by bacterial consortium plays an important
role in removing PAHs from contaminated sites.

In this current study, the aim of the study was to determine the efficiency of a bacterial con-
sortium that was enriched from the coast of Jeddah - Red Sea - Saudi Arabia in the degradation of
the studied PAHs compounds and to determine the rates of degradation.

Materials and methods

Sample collection

Water samples polluted with petroleum hydrocarbons were collected from the coast of Jed-
dah on the Red Sea - Saudi Arabia in sterile glass bottles (100 ml), stored under 4°C until trans-
ferred to the laboratory for further experiments.

Chemicals

Benzene (BENZ) and Anthracene (ANT)and other chemicals such as: MgSO4.7H,0,
K,HPO,4, FeCl;.6H,0, Na,HPO4.7H,0, KH,PO4, CaCl,, NH4Cl, and NaCl were obtained from Sisco
Research Laboratory (Delhi, India), Na,SO4 and ethyl acetate was purchased from Fisher Scientific,
UK.

Culture medium

In a (250 ml) flask the contaminated water samples were enriched by using 20 ml of water
contaminated with petroleum hydrocarbons with 80 ml of the modified mineral salts medium
(MMSM),which consists of Na,HPO4.7H,0 (668mg), MgS0,4.7H,0 (22.5 mg), KH,PO4 (170 mg),
K,HPO4 (435 mg), NH4Cl (85 mg), FeCl;.6H,O (0.25 mg), CaCl, (27.5 mg) per litter (Liu et al.,
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1995), and this medium was modified by adding 40 g of NaCl, then all compounds were dissolved
in 1000 ml of distilled water, and sterilized in an autoclave for use in bacteria enrichment and bio-
degradation experiments. BENZ or ANT were added to MMSM  as the sole carbon source for the
growth of bacteria that degrade them.

Experimental Setup

The biodegradation experiments for BENZ and ANT were carried out in a duplicate manner,
where the design of the experiments was based on the use of control flasks (Conl and Con2) and
test flasks (Tel and Te2). The control flasks (Conl and Con2) contain MMSM with the PAHs to be
biodegrade as the sole carbon source, according to the concentration specified in the study, BENZ
(100, 250 and 1000 mg/L) or ANT (50, 100 and 500) mg/,while the test flasks (Tel and Te2), con-
tained MMSM, bacterial consortium (BC) and PAHs with the specific concentration as mentioned
previously.

BENZ and ANT extraction

All flasks for biodegradation experiments were enriched in 100 ml in a 250 ml capacity
flasks. These flasks were incubated in a vibrating shaker at 150 rpm for the duration of the experi-
ment. Then 10 ml of control and test flasks were taken and placed in test tubes of 20 ml capacity, 10
ml of ethyl acetate was added in 3 phases (5 ml, 3 ml and 2 ml)respectively, in order to extract the
remaining PAHs from degradation processes. The test tubes were mixed for 2 minutes, and then an
aqueous phase layer containing residues of PAHs was retained. This process was repeated 3 times in
order to ensure the complete extraction of residual compounds from the samples that had been de-
graded. Small amounts of Sodium sulphate anhydrous (NA2SO4) were added, and the remaining
extracts were filtered by syringe filter 0.2 pm and placed in a glass vial for analysis by GC-MS and
HPLC (Sanchez-Avila et al., 2011).

Gas chromatography-mass spectrometry (GC-MS) Analysis

The GC-MS device was utilized to identify the metabolites created after the biodegradation
of PAHs. A 30 m % 0.25 mm % 0.25 pm fuse-silica capillary column was used for PAHs analysis,
and the temperature program (T) was used and adjusted to follows: on 100 °C hold for 1 min to 160
°C at 15 °C/min, 265 °C to 300°Cat 5 °C/min, hold for 5 min.Helium gas was utilized as a transpor-
ter with an influx rate of 1 mL/min and was controlled by electronic pressure control, and the injec-
tor temp was suspended in (splitless) mode at 270°C for the duration of the injection.The results
were calibrated with the internal GC-MS library for PAHs.

High-Performance Liquid Chromatography (HPLC) Analysis

The aromatic hydrocarbons remaining in the flasks of the biodegradation experiments were
analyzed by HPLC (Agilent, USA). This device was fitted with a C18 column (150 mm x 4.6 mm),
Acetonitrile was used at 1 mm flow rate and aromatic compounds were detected at 252 nm, the in-
jection volume was 20 puL. Biodegradation rates were measured by comparison with the peak area
and the results were compared with aromatic hydrocarbon standards.

Phylogenetic analysis

The bacterial communities of the study samples were analyzed using bacterial 16S rDNA,
Greengene (default): V201305. The taxonomic composition distribution in samples of Genus-level
was analyzed. The tags number of the Genus taxonomic rank in the sample was summarized in a
histogram, and the histogram was drawn with the software R (v3.1.1).

Treatment of PAHSs in bioreactor

Petroleum hydrocarbon wastewater samples were collected from the coast of Jeddah, Saudi
Arabia for treatment and a bioreactor study, continuous stirred tank reactor (CSTR) was conducted
at the lab scale and the reactor was temperature controlled (30 °C). The total capacity of the bioreac-
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tor was estimated at 10 liters and the working sample volume was about 7 liters (6.5 L of wastewater
petroleum hydrocarbons + 0.5 L of bacterial consortium).The bioreactor was operated at the organic
loading rates (OLR) 0.128 kg/m’d, with hydraulic retention time (HRT) for 10 days as mentioned by
(Jamal and Pugazhendi, 2018).The bioreactor was studied within 36 days. Chemical oxygen demand
COD, mixed liquor suspended solids (MLSS), and mixed liquor volatile suspended solids (MLVSS)
were analyzed using standard methods of analysis (Federation and Association, 2005).

Results and Discussion

Bacterial consortium was enriched in modified MMSM medium at 40 g/L. of NaCl concen-
tration from water samples from the coast of Jeddah, Saudi Arabia. Alternatively, ANT or BENZ
were used as the sole carbon source in this study. The results of the preliminary biodegradation
study of ANT and BENZ revealed complete degradation of these two compounds at a concentration
of 50 and 100 mg/l for 10 days, respectively, thus confirming the ability of bacterial consortium to
degrade PAHs.

Degradation of PAHSs at diverse concentrations

Degradation of BENZ

The biodegradation of BENZ was studied at different concentrations (100, 250 and 1000
mg/L) by bacteria consortium under saline conditions. The degradation rate of the BENZ compound
was about 38.4 and 66.7% at a concentration of 100 mg/L within 4 and 6 days, respectively, while
the rate of degradation was about 81.3% in 8 days, and then the compound was completely degraded
within 10 days of the experiment (Figure 1).

When the concentration of the BENZ compound was increased to 250 mg/L, the degradation
rates were recorded at this concentration in different values, which reached 24 and 46.56% within 4
and 6 days, respectively, while the degradation rates reached about 62.48 and 86.76% within 8 and
10 days, respectively.

Figure 1. BENZ degradation at 100 mg/L by bacterial consortium
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The highest degradation rate for this compound was recorded, reaching 95.08% in 15 days
(Figure 2). Godambe and Fulekar (2016) in a study they conducted on the degradation of benzene at
different concentrations, where it recorded a degradation rate of 99% at a concentration of 200 mg/L
within 10 days, while in this study the rate of degradation was 95.08% at a concentration of 250
mg/L, compared with the time to deterioration (15 days) due to increased focus from the Godambe
and Fulekar study.

Figure 2. BENZ degradation at 250 mg/L by bacterial consortium

Figure 3. BENZ degradation at 1000 mg/L by bacterial consortium
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At a concentration of 1000 mg/L. of BENZ, more than 50% of the compound was degraded
in 6 days. In addition, the deterioration rate increased, as it recorded degradation rates of about 69%
and 76.5% within 8 and 10 days, respectively. In 15 days of the experiment, the highest degradation
rate of this compound was recorded, reaching 82.94%, as the increase in the concentration of this
compound led to a slow degradation of the compound due to its severe toxicity, which affects the
efficiency of the bacterial consortium, which in turn reduced the rates of degradation compared to
low concentrations (Figure 3).

Degradation of ANT

The biodegradation of ANT was studied by bacterial consortium at different concentrations
such as (50, 100 and 500) mg/1 .At a concentration of 50 mg/L of ANT, about 90% of the compound
was degraded by the bacterial consortium in 6 days of the experiment, while the complete degrada-
tion rate of this compound was recorded at this concentration within 8 days (Fig 4). Somtrakoon et
al. (2008) recorded a degradation rate of more than 90% at the initial concentration of 50 mg/L of
anthracene compound in 6 days and this agrees with the results in this study. Arulazhagan et al.,
(2017) in a study they conducted on the degradation of PAHs by acidophilic Stenotrophomonas
maltophilia strain AJHI recorded a degradation rate of about 93% of anthracene compound at a
concentration of 50 mg/L in 4 days.

Figure 4. ANT degradation at 50 mg/L by bacterial consortium

When the concentration was increased to 100 mg/L, degradation rates for this compound
were recorded, reaching 36.9 and 50.4% in 4 and 6 days, respectively. In 8 and 10 days of the expe-
riment, the deterioration rates were about 68.3 and 76.5%, respectively. The highest degradation rate
of this compound was recorded at this concentration, about 97%, within 15 days of the experiment
by bacterial consortium (Fig 5). These results are in agreement with the results of a study by
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Hesham et al. (2014) recorded the degradation of anthracene about 98% by Sphingomonas koreensis
Strain ASU-06 at a concentrationof 100 mg/I within 15 days.

Figure 5. ANT degradation at 100 mg/L by bacterial consortium

Figure 6. ANT degradation at 500 mg/L by bacterial consortium
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At 500 mg/L concentration of ANT, the degradation of this compound was studied by bac-
terial consortium, where the degradation rates of this compound were recorded about 40.4 and
51.6% within 4 and 6 days, respectively. More degradation was recorded with the passage of the ex-
perimental days, as the percentages reached 69.72 and 83.7% of degradation in 8 and 10 days, re-
spectively.

The highest degradation rate of 500 mg/L of ANT was recorded in this study, which was
about 91.4% in 15 days of the experiment (Fig 6). It was noted that when the concentration of the
compound was increased, the degradation rates decreased due to the high toxicity of this concentra-
tion and therefore it takes a longer time to remove these pollutants from the environment. Therefore,
the complete degradation of this compound was not recorded at this concentration, perhaps due to
the fact that it needs a longer time for its complete degradation. There are several studies that have
documented the degradation of anthracene and benzene at different concentrations by bacterial con-
sortium (Arulazhagan and Vasudevan, 2011; Nikolopoulou et al., 2013; Bae et al., 2018; Birolli et
al., 2018; Jauhari et al., 2020; Eziuzor et al., 2021; Toth et al., 2021).

Treatment of PAHSs in bioreactor study

In this study, wastewater contaminated with petroleum hydrocarbons collected from the
coast of Jeddah, Saudi Arabia was used. Bacterial consortium probably degrades the hydrocarbon
constituents of these contaminants in addition to reducing COD in CSTR (Fig 7). The reactor
(CSTR) was operated under optimal conditions of organic loading rates (OLR) at 0.106 kg/m’d with
hydraulic retention time (HRT) for 10 days under saline condition. About 92.7% of COD in the bio-
reactor was removed in 36 days by the bacterial consortium under saline conditions (Fig 8). The
MLSS and MLVSS concentration levels were preserved at 3.8 to 3.1 g/l, and 3.2 to 2.3 g/l, respec-
tively.

Figure 7. Treatment of petroleum hydrocarbon wastewater by the bacterial consortium in
CSTR
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Figure 8. Analysis of COD, (MLSS) and (MLVSS) during the treatment process of petroleum
wastewater by bacterial consortium in CSTR

Phylogenetic analysis

The bacterial communities of the study samples were analyzed using bacterial 16S rDNA,
Greengene (default): V201305. The taxonomic assignment to major bacterial taxa revealed four
main bacterial phyla dominating the sampled sites: Proteobacteria, Actinobacteria, Bacteriodetes
and Firmicutes. The ratio of each species in certain sample is directly displayed (Fig. 9)

Figure 9. The taxonomic composition distribution in samples of Genus-level
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Conclusion

The results of the current study showed the ability of bacterial consortium that was enriched
from the coast of Jeddah, Saudi Arabia to degrade petroleum hydrocarbons wastewater, which
proved its ability to degrade PAHs in saline conditions. The bacterial union degraded the BENZ
compound by more than 95% at the concentration of 100 and 250 mg/L, while the degradation of
this compound at the concentration of 1000 mg/L was recorded about 83%.While the ANT degrada-
tion rate was recorded at more than 90% at different concentrations.In addition, this study revealed
the ability of bacterial consortium to treat petroleum hydrocarbons wastewater in bioreactor (CSTR)
with 92.7% of COD removed under saline conditions.Hence, this study recommends the investment
of bacterial consortium in the treatment of petroleum hydrocarbons wastewater in marine environ-
ments and to remove pollutants from them.
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