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ABSTRACT 
 

Bioremediation is an efficient and environmentally friendly method for the degradation of petroleum 
hydrocarbons in contaminated soils. This study investigated the effects of biosurfactant alkyl 
polyglycosides (APG) on enhanced biodegradation of petroleum hydrocarbon contaminated soils.  
Three soil samples were contaminated with two different grades of crude oil (medium and Light). 
Alkyl polyglucoside was synthesised and subjected to FTIR for comfirmation of the product before it 
was applied in the remediation of contaminated soil. The alkyl polyglucoside is used as a treatment 
regime in the remediation of the hydrocarbon contamination in the three soil samples. Results of 
total petroleum hydrocarbons (TPH) before remediation with bio-surfactant showed that samples 
contaminated with medium crude for Eneka, Ozuoba and Rukpokwu were 15744.00 mg/kg, 
11359.00 mg/kg and 11470.00 mg/kg respectively and after remediation reduced to 4276.00 
mg/kg, 4265.00 mg/kg, and 3205.00 mg/kg, showing a reduction percentage of 72.84%, 62.44% 
and 72.05% respectively. Soil samples contaminated with light crude showed result of TPH of 
11339.00 mg/kg, 10662 mg/kg and 10226 mg/kg and after remediation reduced to 2981 mg/kg, 
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3879 mg/kg, and 4245 mg/kg respectively showing a reduction percentage of 73.71%, 63.62 % and 
58.49% respectively. The enhanced efficiency of the bio-surfactant at degrading total petroleum 
hydrocarbons was achieved as a result of the increased solubility thus improving the bioavailability 
of the hydrocarbons due to the action of the alkyl polyglucoside. 
 

 
Keywords: Bioremediation; petroleum hydrocarbon; contaminated soil; bio-surfactant; alkyl 

polyglucoside; bioavailaibility. 
 

1. INTRODUCTION 
 
Industrial activities impact the environment in 
several ways, sometimes this impact can be 
negative. The petroleum industry is not an 
exception, amidst all the benefits from the 
industry, the release of petroleum hydrocarbon to 
the environment leading to the introduction of 
hazardous contaminants to the environment is 
one of such negative impact of the petroleum 
industry [1]. The release of these chemicals 
occurs as a result of equipment failure, 
accidents, poor operational practices/conducts, 
inappropriate use and disposal and at other 
times sabotage, during the drilling, processing / 
refining, transportation and storage stages 
[2,3,4]. 
 
Petroleum hydrocarbon are toxic and contain 
contaminants that cause varying degrees of 
harm to the environment, human and animals 
[5,6,7]. Hydrocarbon spill on land affects the soil 
adversely, in some instances causing the 
alteration of the soils physical and chemical 
properties [8,6]. A number of factors determine 
the extent of damage done to the soil, these 
factors include – soil type, the hydrocarbon 
composition, the quantity of hydrocarbon spilled 
and the length of time of exposure of the soil to 
the contaminants [9]. Due to the presence of 
these chemicals, the soil’s ability to support plant 
growth is inhibited, leading to stunted growth, 
there is also poor/deformed root development, 
deformed flowers etc. The overall result is poor 
yield [10]. The presence of petroleum 
hydrocarbon in soil also introduces heavy metals 
which can bioaccumulate and bio- magnify 
leading to severe health challenges. 
 

Soil contamination by petroleum hydrocarbons is 
the most severe environmental issue in oil 
producing regions of the world. As these 
products are spilled on land, it migrates vertically 
through the soil pores to the sub surface 
sometimes reaching the ground water [11].  
During this migration, these hydrocarbons exist 
differently from the aqueous phase. This is as a 
result of the low solubility of these contaminants. 

The phase in which they exist is called the Non-
aqueous phase liquid (NAPL). NAPL are phase 
liquids and do not readily dissolve in water due to 
their hydrophobic nature [12]. 
 
In a bid to eliminate or reduce the harmful effects 
of these contaminants, remediation action is 
usually undertaken in order to restore the soil to 
its original state or render the contaminants 
harmless [13]. Several remediation approaches 
and methods have been studied and successfully 
applied in the remediation of contaminated sites 
with varying degrees of effectiveness; other has 
however shown different limitations [6,14,15]. 
 
Bioremediation of petroleum hydrocarbon 
contaminated sites has been shown severally to 
be a viable method in the removal of these 
contaminations. This method uses 
microorganisms such as bacteria and fungi to 
degrade the petroleum hydrocarbons 
contaminants to simpler substrates that are non-
toxic. Bioremediation is the most frequently and 
commonly used mainly for its ability to eliminate 
the target chemicals without producing toxic by-
products, its less technological involvement 
among other advantages [16,17]. 
 
According to Ossai et al. [6], the method has the 
advantage of being environmentally friendly, 
facile and cost-efficient. Notwithstanding its 
viability, bioremediation is influenced by a 
number of factors amongst which are nature of 
hydrocarbon, nature soil, virility of the soil, 
duration of exposure of the soil to the 
contaminants [18]. Thus, when adopting this 
method, it is important to study these limiting 
factors that can affect the efficacy of the process. 
Lower molecular weight hydrocarbons (aliphatic 
hydrocarbons) are degraded easily by 
microorganisms whereas the higher molecular 
weight long chain hydrocarbons, long chain, 
branched or cyclic chain hydrocarbons are no 
readily degraded by these microorganisms [18].  
Bioavailability is a critical factor for consideration 
when opting for any bioremediation technique 
[19,20,21,22]. Bioavailability is the amount of 
contaminant that can be accessed by the 
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microorganisms that biodegrade these 
compounds. It is the tendency of the 
hydrocarbon to be available for take up by the 
microorganism. Owing to the hydrophobic nature 
of petroleum hydrocarbons and their low 
solubility, bioavailability is also low. 
Bioavailability, according to Vijakumur and 
Saravanan [23], involves increasing the solubility 
of hydrocarbons making it more accessible for 
microorganisms, as their low water solubility 
limits their availability to microorganisms. 
Surfactants are the main agents responsible for 
this, as a result of the presence of both 
hydrophobic and hydrophilic groups which 
effectively alters the oil-water interface. 
Surfactants have been shown to act on the soil-
water interface and the water-microbial interface 
improving the desorption of petroleum 
hydrocarbon from the soil enhancing the 
degradation by microorganisms [24].  
 
Bioremediation techniques used for the 
remediation of hydrocarbon contaminated soil, 
must consider the hydrophobic nature of the 
contaminants (which reduces greatly their 
availability to microorganisms), effects of 
hydrocarbon weathering in soil/sediment, and the 
poor biodegradability of high-molecular weight 
hydrocarbons. Petroleum hydrocarbons are 
hydrophobic solids and thus are difficult to 
breakdown due to their low water solubility and 
bioavailability [25]. The use of surfactants has 
however been shown to enhance bioavailability 
[26,27]  
 
Two different modes are possible. Surfactants 
can disperse the oil in the aqueous phase 
(solubilization) and thus make it available for 
biodegradation, or they can make the oil                 
flow by lowering the surface tension 
(mobilization; [27]).  
 

The initial phase involves the rapid removal 
hydrocarbon due to the high availability, and a 
second phase which occurs after the bioavailable 
hydrocarbon has been removed, this phase is 
longer and uses mass transfer mechanisms 
(desorption and diffusion). Many conventional 
surfactants however, are highly toxic [27], hence, 
the use of eco-friendly polymeric surfactant from 
bio degradable materials [24] in this study. 
 

In this work, Petroleum hydrocarbon 
contamination was remediated using the 
increase in bioavailability approach which was 
achieved by the addition of a bio-friendly non-
ionic surfactant (prepared from renewable raw 

materials – glucose and fatty alcohol in the 
presence of an organic catalyst) on three 
different soil samples spiked with two crude oil 
samples (light and medium crude oil samples). 
The surfactant used in this work is an Alkyl 
polygluoside (Decyl polyglucoside). Alkyl 
glucosides are non-ionic biodegradable 
polymeric surfactants with glucoside head group 
which is prepared using glucose and fatty alcohol 
which are renewable raw materials [28,29]. 
Owing to the presence of a hydrophilic end and a 
hydrophobic end, the product exhibits surface 
active properties, thus, its ability to reduce 
surface tension and hence increase the 
bioavailability of these hydrocarbons.  
 
Several works are available in literature on the 
remediation of hydrocarbons using mostly bio 
stimulation and bioaugmentation approach. 
Bioavailability has however remained 
understudied [30, Harmsen and Naidu, 2015; 
[31,32]. Also, this work explores a novel 
application for Alkyl polyglucosides, as its use as 
surfactants in the bioremediation of 
hydrocarbons arising from crude oil 
contamination is yet to be fully explored.  
 

2. MATERIALS AND METHODS     
 
2.1 Description of Study Area 
 
The study area were soil samples were collected 
are Ozuoba, Rukpokwu and Eneka communities 
in Obio-Akpor Local Government Area, Rivers 
State, Nigeria with the coordinates 7.06°longitude 
and 4.89º latitude. There is a the Trans Nigeria 
pipeline right of way (ROW) which is bounded to 
the north, east, south and west by a few 
residential buildings and farmlands. There are 
network of roads existing within the communities 
as presented in Fig. 1. 
 

2.2 Sample Collection and Contamination 
with Crude Oil 

 
This study was simulated in the laboratory using 
soil contaminated with crude oil samples. 
 
Soil samples were collected from three different 
locations Ozuoba, Rukpokwu and Eneka all in 
Obio/Akpor Local government area of Rivers 
State Nigeria. The soil samples were air dried at 
room temperature, crushed, sieved with a 2 mm 
sieve and homogenized. The physico-chemical 
properties of the soil samples were determined 
as shown in Table 1. 
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Fig. 1. Map of study area showing sample collection sites 
 

Table 1. Physicochemical properties of the soil samples 
 

Parameters Eneka Ozuoba Rukpokwu 

pH 6.997 6.725 6.683 
EC (µS/cm) 94.52 53.68 72.7 
Silt (%) 31% 60% 60% 
Clay (%) 6% 1% 7% 
Sand (%) 63% 39% 33% 
Texture Sandy loam Silty Loam Silty Loam 
TPH (mg/kg) 278 66.8 62.8 

 
Preparation of crude oil contaminated soil was 
carried out as follows. 250 g of each of the three 
soil samples was weighed and placed in 
polyethene bags in duplicate. 20 mL of light 
crude (Rumuekpe) was uniformly spiked on one 
set of the samples and mixed together 
thoroughly. To the second set, 20 mL of heavy 
crude (Ogbain) was uniformly spiked and 
thoroughly mixed together also. These samples 
were set aside for 3 days. The TPH 
concentration of each of the set up was analyzed 
according to US EPA 8270 test method using 
Agilent Gas Liquid Chromatography. 
 

2.3 Synthesis of Alkyl Polyglucoside Bio-
surfactant 

 

The biosurfactant alkyl polyglycosides APG10 
(C6H11O5)nOR)  used in this study was 
synthesized in the laboratory using the following 
chemicals; Glucose, Propanol, ParaToluene 
sulfonic acid (PTSA) and Decanol. All chemicals 
used in the synthesis were of analytical grade  
purchased from purchased from AccuStandard® 
obtained from Shanghai Fine Chemical Co., 
China. These chemicals were used in the 
synthesis of the Decyl glucoside (an Alkyl 
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polyglucoside). The chemicals were received and 
used without further purification. 
 
The alkyl polyglucoside used in this work is Decyl 
glucoside. The alkyl polyglucoside was 
synthesized as described by El-Sukkary et al., 
[29]. The decyl alkyl polyglucoside (APG10) was 
synthesized by an indirect method using 
paratoluene sulfonic acid (PTSA) as catalyst. In 
the first step, anhydrous glucose reacted with 
propyl alcohol. The second step included the 
trans acetalization of propyl glucoside 
intermediate with the decyl alcohol. In the initial 
step, of 5.4 g of anhydrous glucose was 
dissolved in 23 mL of propanol in the presence of 
0.4 g  PTSA and heated at 90oC for 1 hour. In 
this step propyl glucoside was formed. Then, 25 
mL of decanol and 0.06g of PTSA were slowly 
added and the temperature increased  to 
110°C.The reaction was quenched by the 
addition of 1% alcoholic NaOH. The product was 
separated as water soluble sodium salt while the 
excess alcohol was recovered by distillation of 
the volatile ether solvent. Finally, yellowish liquid 
was obtained as the product. FT-IR analysis of 
the synthesized APG was carried out to confirm 
the product.  
 

2.4 Remediation of the Contaminated Soil 
Samples with Alkyl Polyglucoside 
Bio-Surfactant 

 
The contaminated soil samples were spiked with 
Decylgluoside and water and stirred. A total of 6 

experimental set up was used (250 g of soil 
spiked with 20 mL of crude). 3 of the setup were 
spiked with light crude (one from each site), and 
another 3 were spiked with heavy crude. 10 mL 
of water was added to each of the soil setup in 
this batch, and stirred to mix homogeneously, 
and then 8 mL of the synthesized alkyl 
polyglucoside was added to each setup and 
stirred to ensure adequate mixing. This was left 
to stand for 30 days.   
 
All the setup was stirred twice a week and 
additional 10 mL of water spiked on them after 
two weeks.  The samples were then analyzed for 
TPH after 30 days. 
 

3. RESULTS AND DISCUSSION 
 
3.1 Soil Analysis 
 
The soil samples used for this study from the 
results obtained (see Table 1) show that the soil 
samples are neutral as the 3 samples had a pH 
of approximately 7 each. Eneka soil sample from 
soil texture analysis was predominantly sand, 
while the other two (Ozuoba and Rukpokwu were 
predominantly silt. The TPH (mg/kg) 
concentration of these samples 278, 66.8 and 
62.8 for Eneka, Ozuoba and Rukpokwu 
respectively.  
 
 

 

 
 

Fig. 2. FTIR of synthesized Alkyl polyglucoside (C10 APG) 



 
 
 
 

Ezekiel et al.; AJOPACS, 9(3): 17-28, 2021; Article no.AJOPACS.74291 
 

 

 
22 

 

Table 2. TPH concentration of soil samples before and after remediation with biosurfactant 
 

Soil 
sample 

Before Remediation  After remediation 

Eneka Ozuoba Rukpokwu  Eneka Ozuoba Rukpokwu 

  Medium 
crude oil 

     

TPH 
(mg/kg) 

15744.00 11359.00 11470.00  4276.00 4266.00 3205.00 

% reduct.     72.84 62.44 72.05 

  Light 
crude oil 

     

TPH 
(mg/kg) 

11339.00 10662.00 10226.00  2981.00 3879.00 4245.00 

 % reduct.         73.71 63.62 58.49 

TPH 
(mg/kg) 

 Light 
crude oil 

     

CONTROL 
SAMPLES 

11290.00 10540.00 10350.00  10900.00 10250.00 10128.00 

% reduct.     3.45 2.75 2.14 

 

3.2 Characterization of Synthesiszed 
Alkyl Polyglucoside Bio-surfactant 

 
FTIR spectroscopy was used to confirm the 
synthesized product. Fig. 2 shows the spectrum 
of the product while Table 3 is a list of the 
functional groups present in the product. The 
groups present are similar to that from literature 
[29,33,34]. The characteristic ether linkage  
which is usually a weak band in the range 1120-
1170cm-1, observed at 1155.5cm-1,  and the C–O 
band observed at1036.2cm-1 was used to confirm 
the  synthesised product as an alkyl 
polyglucoside. 
 

3.3  Results of Crude oil Contamination 
Soil Samples 

 
The TPH content of the soil samples pre and 
post-contamination of soil samples are shown in 
Tables 1 and 2. The soil samples showed higher 
concentration of hydrocarbon when 
contaminated with medium crude and slightly 
lower concentration with light crude. Medium 
crude oil contain a higher percentage of 
hydrocarbons with higher molecular weight, this 
is responsible for the larger concentration of 
contaminants in the soil samples contaminated 
with medium crude compared to that with light 
crude. The result also shows that the two soil 
samples (Ozuoba and Rukpokwu) that are silty 
loam retained more contaminants when 
compared to that retained by Eneka soil sample 
which is predominantly sand. The bioavailability 
of petroleum hydrocarbon compounds in 
contaminated soil was an essential factor that 

influenced the effectiveness of the remediation 
process with biosurfactants (Liu et al., 2016). 
Petroleum hydrocarbons tended to be strongly 
absorbed to soil organic matter because of their 
hydrophobicity and low solubility, and their low 
release from the soil matrix to the aqueous 
phase reduced their availability to 
microorganisms for degradation. In many 
studies, surfactants were applied to overcome 
this limitation [35]. 
 
The efficiency of the surfactant (Alkyl 
polyglucoside) at degrading total petroleum 
hydrocarbons was shown by the reduction in 
TPH concentration. It was observed that there 
was a rapid increase in the biodegradation rates 
of TPH during 30 days of in all treatments of the 
soil contaminated samples used in the study.  
The  result was in line with report of Li et al. [36], 
who stipulated that the biodegradation of TPH 
was greatly enhanced because due to the 
presence of Alkyl polyglucoside in soil samples. 
 
The percentage efficiency of Alkyl polyglucoside 
in the remediation of petroleum hydrocarbons 
after 30 days was calculated using the following 
equation 1. 
 

Efficiency (%) =   
 
Decrease in TPH concentration     
                                      × 100 

  Initial concentration 
 

      =  C (initial) – C (final) 
                    C (initial)                   ×  100                    (1) 
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Where: 
 

C (initial) = Initial concentration of TPH before 
remediation. 

 
C (final) = Final concentration of TPH after 
remediation. 

 
The high efficiency shown can be attributed to 
the effect of the bio-surfactant; it increases the 
solubility of hydrocarbons making it more 
accessible for microorganisms, as their low water 
solubility limits their availability to 
microorganisms [23].   
 
Table 2 shows that samples contaminated with 
medium crude, the initial TPH content for Eneka, 
Ozuoba and Rukpokwu were 15744 mg/kg, 
11359 mg/kg and 11470 mg/kg respectively.  
 
These values reduced to 4276 mg/kg, 4265 
mg/kg, and 3205 mg/kg after remediation, a 
reduction of 72.84%, 62.44% and 72.05% 
respectively. Soil samples remediated  light 
crude contaminated samples also showed similar 
reduction in the TPH content having reduced 
from 11339mg/kg to 2981 mg/kg, 10662mg/kg to 
3879 mg/kg, and 10226mg/kg to 4245 mg/kg 
respectively, a reduction of 73.71%, 63.62 % and 
58.49% respectively. While the control samples 
showed TPH of 11290.00 mg/kg, 10540.00 
mg/kg and 10350 mg/kg respectively. After thirty 
days the TPH values of control samples were 
10900 mg/kg, 10250 mg/kg, 10128 mg/kg 
respectively.  This showed a percentage 
reduction of 3.45%, 2.75% and 2.14 % 
respectively. 
 

The comparison of the level of reduction of the 
remediated soil samples are shown in Figs. 4 

and 5. The highest reduction was recorded for 
Eneka soil sample contaminated by light crude, 
which showed a decrease of approximately 74%, 
this can be attributed to the ease with which the 
light molecular weight hydrocarbon undergoes 
volatilisation and evaporation in sand [37,38]. 
 

3.4 Remediation of Contaminated Soil 
Samples with Alkyl Polyglucoside 

 

The results of remediation of Total Petroleum 
contaminated (TPH) soil samples before and 
after remediation for light and medium crude oil 
are presented in Table 2. The result shows 
clearly a large decrease in the TPH 
concentration at the end of thirthy (30) days. 
According to Atlas and Bartha, 1992, the efficacy 
of a remediation process can be directly 
measured by monitoring the rate of 
disappearance of hydrocarbons. The result in 
this study suggests a rapid degradation and 
disappearance of petroleum hydrocarbon. 
 

The Effects of Alkyl polyglucoside on the removal 
of TPH fractions on the different fractions of 
petroleum hydrocarbons from treatments of the 
various samples are shown by the 
disappearance of the petroleum hydrocarbons as 
seen in the chromatograms (Figs. 3a-e), while 
Fig. 3c is the chromatogram of the control soil 
sample from the same geographical study area, 
contaminated with crude oil over the same period 
of time, without biosurfactant-assisted 
remediation. There was a slight percentage 
reduction in TPH level for all contaminated 
samples without bio-surfactant as shown in Table 
2. This may be attributed to either natural 
attenuation or evapouration of the light ends of 
the hydrocarbons [39]. The lower hydrocarbon 
chains present in soil samples are volatile and

 
Table 3. The FTIR spectrum values and functional groups of Alkyl polyglucoside bio-surfactant 
 

Functional Group  Wave no. (cm-1)  

CH2    
Multiple (CH2) rock  728.10 
C - H Asymmetric bending  1461.10 
C-H Symmetric bending  1379.10 
C-H Symmetric stretch  2856.10 
CH3    
C-H Symmetric bending  1379.10 
C-H Asymmetric bending  1643.80 
C-H Symmetric stretch  2922.20 
C-H Asymmetric stretch  2856.10 
O-H  3336.00 
C -O  1036.20 
C-O-C  1155.50 
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easily biodegraded in soils. It is  also a well 
known fact that shorter chain hydrocarbons (< 
C10) are easily degraded as they have lower 
molecular weight, while medium - length 
hydrocarbons (C10-C16) and long-chain 

hydrocarbons (> C16) are degraded at a 
relatively slow rate as due to their  greater 
hydrophobicity that causes low bioavailability to 
microorganisms [40]. 

 

 
 

Fig. 3a. Representative chromatogram of TPH for light crude oil  post contaminated samples 
 

 
 

Fig. 3b. Representative chromatogram of TPH for medium crude oil  post contaminated 
samples 

 

 
 

Fig. 3c. Representative chromatogram of TPH for control samples 
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Fig. 3d. Representative chromatogram of TPH for medium crude oil samples after remediation 
 

 
 

Fig. 3e. Representative chromatogram of TPH for light crude oil samples after remediation 
 

 
 

Fig. 4. Bar chart showing reduction in the concentration of TPH for light crude oil samples 
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Fig. 5. Bar chart showing reduction in the concentration of TPH for medium crude oil samples 
 

4. CONCLUSION 
 
Petroleum hydrocarbon is known to contain 
contaminants toxic to the environment. These 
contaminants are also not readily degradable 
due to their hydrophobic nature and low solubility 
hence hindering accessibility to degrading 
microorganisms. This research showed the result 
of synthesied biosurfactanct experiments on the 
biodegradation of petroleum hydrocarbons. 
Results obtained in this study showed that the 
bioremediation of petroleum hydrocarbon 
contaminated soil can be enhanced by treating 
the contaminated soil with alkyl polyglucoside. 
This bio-friendly surfactant has the ability to 
increase the solubility of the hydrocarbons 
making them more susceptible and easily 
accessible to the microorganisms for 
degradation, thus increasing the efficiency of the 
remediation process. Being eco-friendly, it also 
has the advantage of being completely 
degradable Fand has no toxic or unwanted 
intermediate or by product. Molecular parameters 
show that removal of petroleum hydrocarbons 
occurs during biodegradation of the crude oil, in 
addition to alteration of other petroleum 
hydrocarbons. It was  observed that  the low 
molecular wight n-alkanes were lossed in all the 
samples and the highest percentage reduction 
was recorded for soil samples contaminated with 
light crude, which showed a decrease of 
approximately 74%, this can be attributed to the 
ease with which the light molecular weight 
hydrocarbon undergoes volatilisation and 
evaporation in sand. 

DISCLAIMER 
 
The products used for this research are 
commonly and predominantly use products in our 
area of research and country. There is absolutely 
no conflict of interest between the authors and 
producers of the products because we do not 
intend to use these products as an avenue for 
any litigation but for the advancement of 
knowledge. Also, the research was not funded by 
the producing company rather it was funded by 
personal efforts of the authors. 
 

ACKNOWLEDGEMENTS  
 
The authors would like to acknowledge the the 
staff of Analytical laboratory, Research and 
Development Division of Nigerian National 
Petroleum Corporation,  Geospectra Engineering 
Services Limited Port Harcourt, Rivers State for 
assisting in the laboratory analyses of the 
samples. 
 

COMPETING INTERESTS 
 
Authors have declared that no competing 
interests exist. 
 

REFERENCES 
 
1. Samanta SK, Singh OV, Jain RK. 

Polycyclic aromatic hydrocarbons: 
environmental pollution and 

0

2000

4000

6000

8000

10000

12000

14000

16000

ENEKA OZUOBA RUKPOKWU

Medium crude

Initial conc.(mg/kg)

Final con.



 
 
 
 

Ezekiel et al.; AJOPACS, 9(3): 17-28, 2021; Article no.AJOPACS.74291 
 

 

 
27 

 

bioremediation. Trends in Biotechnology. 
2002;20(6):243-8. 

2. Bossert I. The fate of petroleum in soil 
ecosystem. Petroleum microbiology. 
Macmillan, New York. 1984;355-398. 

3. Odeyemi O, Ogunseitan OA. Petroleum 
industry and its pollution potential in 
Nigeria. Oil and Petrochemical Pollution. 
1985;2(3):223-9. 

4. Atlas RM. Microbial degradation of 
petroleum hydrocarbons: An environmental 
perspective. Microbiology Review. 1981; 
45:180–209 

5. Osuji LC, Idung ID, Ojinnaka CM. 
Biodegradation of crude oil contamination. 
Journal. Environmental Forensic. 2006; 
7:259-265. 

6. Ossai IC, Ahmed A, Hassan A, Hamid FS. 
Remediation of soil and water 
contaminated with petroleum hydrocarbon: 
A review. Environmental Technology & 
Innovation. 2020;17:100526. 

7. Venkatachalapathy R, Veerasingam S, 
Ramkumar T. Petroleum hydrocarbon 
concentrations in marine sediments along 
Chennai coast, Bay of Bengal, India. 
Bulletin of Environmental Contamination 
and Toxicology. 2010;85(4):397-401. 

8. Hreniuc M, Coman M, Cioruţa B. 
Consideration regarding the soil pollution 
with oil products in Sacel-Maramures. 
InInternational Conference of scientific 
paper AFASES. Brasov. 2015;28-30. 

9. Van der Heul RM. Environmental 
degradation of petroleum hydrocarbons 
(Master's thesis); 2011. 

10. Dabbs WC. Oil production and 
environmental damage. American 
University Trade and Environment 
Database; 1996.  As found at www. 
American  

11. Banerji SK. Bioremediation of soils 
contaminated with petroleum hydrocarbons 
using bioslurry reactors. US Army 
Engineer Waterways Experiment Station; 
1995. 

12. Payatakes AC. Dynamics of oil ganglia 
during immiscible displacement in water-
wet porous media. Annual Review of Fluid 
Mechanics. 1982;14(1):365-93. 

13. Doelman P. European perspectives of field 
research on bioremediation: Special 
attention to the Netherlands. InTrans. 25 
Congreso Mundial de la Ciencia del Suelo. 
Sociedad Mexicana de la Ciencia del 
Suelo. Chapingo, estado de México. 1994; 
307-321. 

14. Logeshwaran P, Megharaj M, 
Chadalavada S, Bowman M, Naidu R. 
Petroleum hydrocarbons (PH) in 
groundwater aquifers: An overview of 
environmental fate, toxicity, microbial 
degradation and risk-based remediation 
approaches. Environmental Technology & 
Innovation. 2018;10:175-93. 

15. Adams OA, Fufeyin PT, Okoro SE,  
Ehinomen I. Bioremediation, Biostimulation 
and Bioaugmentation: A Review. 
International Journal of Environmental 
Bioremediation & Biodegradation. 2015;3 
(1):28-39. 

16. Odokuma LO, Dickson AA. Bioremediation 
of a crude oil polluted tropical rain forest 
soil. Global Journal of Environmental 
Sciences. 2003;2(1):29-40. 

17. Osuji LC, Nwoye I. An appraisal of the 
impact of petroleum hydrocarbons on soil 
fertility: the Owaza experience. African 
Journal of Agricultural Research. 2007; 
2(7):318-24. 

18. Maletić SP, Dalmacija BD, Rončević SD, 
Agbaba JR, Perović SD. Impact of 
hydrocarbon type, concentration and 
weathering on its biodegradability in soil. 
Journal of Environmental Science and 
Health, Part A. 2011;46(10):1042-9. 

19. Ramadass K, Megharaj M, Venkateswarlu 
K, Naidu R. Bioavailability of weathered 
hydrocarbons in engine oil-contaminated 
soil: Impact of bioaugmentation mediated 
by Pseudomonas spp. on bioremediation. 
Science of the Total Environment. 2018; 
636:968-74. 

20. Semple KT, Morriss AW, Paton GI. 
Bioavailability of hydrophobic organic 
contaminants in soils: fundamental 
concepts and techniques for analysis. 
European Journal of Soil Science. 2003; 
54(4):809-18. 

21. Riding MJ, Doick KJ, Martin FL, Jones KC, 
Semple KT. Chemical measures of 
bioavailability/bioaccessibility of PAHs in 
soil: fundamentals to application. Journal 
of Hazardous Materials. 2013;261:687-
700. 

22. Naidu R, Channey R, McConnell S, 
Johnston N, Semple KT, McGrath S, Dries 
V, Nathanail P, Harmsen J, Pruszinski A, 
MacMillan J. Towards bioavailability-based 
soil criteria: past, present and future 
perspectives. Environmental Science and 
Pollution Research. 2015;22(12):8779-85. 

23. Vijayakumar S, Saravanan V. 
Biosurfactants-types, sources and 



 
 
 
 

Ezekiel et al.; AJOPACS, 9(3): 17-28, 2021; Article no.AJOPACS.74291 
 

 

 
28 

 

applications. Research Journal of 
Microbiology. 2015;10(5):181. 

24. Liu J, Xu L, Zhu F, Jia S. Effects of 
surfactants on the remediation of 
petroleum contaminated soil and surface 
hydrophobicity of petroleum hydrocarbon 
degrading flora. Environmental 
Engineering Research. 2020;26(5). 

25. Bartha R. Biotechnology of petroleum 
pollutant biodegradation. Microbial 
Ecology. 1986;12(1):155-172. 

26. Singh SK, John S. Surfactant-enhanced 
remediation of soils contaminated with 
petroleum hydrocarbons. International 
Journal of Environment and Waste 
Management. 2013;11(2):178-92. 

27. Edwards KR, Lepo JE, Lewis MA. Toxicity 
comparison of biosurfactants and synthetic 
surfactants used in oil spill remediation to 
two estuarine species. Marine Pollution 
Bulletin. 2003;46(10):1309-16. 

28. Ware AM, Waghmare JT, Momin SA. 
Alkylpolyglycoside: Carbohydrate based 
surfactant. Journal of Dispersion Science 
and Technology. 2007;28(3):437-44. 

29. El‐Sukkary MM, Syed NA, Aiad I, El‐Azab 
WI. Synthesis and characterization of 
some alkyl polyglycosides surfactants. 
Journal of Surfactants and Detergents. 
2008;2:129-37. 

30. Naidu R, Bolan NS, Megharaj M, Juhasz 
AL, Gupta SK, Clothier BE, Schulin R. 
Chemical bioavailability in terrestrial 
environments. Developments in Soil 
Science. 2008;32:1-6. 

31. Muijs B, Jonker MT. Assessing the 
bioavailability of complex petroleum 
hydrocarbon mixtures in sediments. 
Environmental Science & Technology. 
2011;45(8):3554-61. 

32. Ortega-Calvo JJ, Harmsen J, Parsons JR, 
Semple KT, Aitken MD, Ajao C, Eadsforth 
C, Galay-Burgos M, Naidu R, Oliver R, 
Peijnenburg WJ. From Bioavailability 
Science to Regulation of Organic 
Chemicals. 2015;10255-10264. 

33. Amin IA, Yarmo MA, Yuoff NIN, Nordin 
NAM, Isahak WNRW. Synthesis of 
alkylpolyglucoside from dextrose-decanol 
in the presence of silicotungstic acid         
sol-gel catalyst. The Malaysian Journal         
of Analytical Sciences. 2013;17(1):91– 
100. 

34. Zou M, Chen J, Wang Y, Li M, Zhang C, 
Yang X. Alcoholysis of starch to produce 
alkyl polyglycosides with sub-critical 
isooctyl alcohol. Journal of Surfactants and 
Detergents. 2016;19(4):879-84. 

35. Posada-Baquero R, Grifoll M, Ortega-
Calvo JJ. Rhamnolipid-enhanced 
solubilization and biodegradation of PAHs 
in soils after conventional bioremediation. 
Science of the Total Environment. 2019; 
668:790-6. 

36. Li Q, Huang Y, Wen D, Fu R, Feng L. 
Application of alkyl polyglycosides for 
enhanced bioremediation of petroleum 
hydrocarbon-contaminated soil using 
Sphingomonas changbaiensis and 
Pseudomonas stutzeri. Science of the 
Total Environment. 2020;719:137456. 

37. Maletić S, Dalmacija B, Rončević S. 
Petroleum hydrocarbon biodegradability in 
soil–Implications for bioremediation. 
Hydrocarbon. 2013;16:43-64. 

38. Abioye OP. Biological remediation of 
hydrocarbon and heavy metals 
contaminated soil, soil contamination. 
IntechOpen; 2011. 

39. Ferguson DK, Li C, Jiang C, Chakraborty 
A, Grasby SE, Hubert CR. Natural 
attenuation of spilled crude oil by cold-
adapted soil bacterial communities at a 
decommissioned High Arctic oil well site. 
Science of the Total Environment. 2020; 
722:137258. 

40. Abena MT, Li T, Shah MN, Zhong W. 
Biodegradation of total petroleum 
hydrocarbons (TPH) in highly 
contaminated soils by natural attenuation 
and bioaugmentation. Chemosphere. 
2019;234:864-74. 

_________________________________________________________________________________ 
© 2021 Ezekiel et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

 
 

 
 

Peer-review history: 
The peer review history for this paper can be accessed here: 

https://www.sdiarticle4.com/review-history/74291 

http://creativecommons.org/licenses/by/4.0

