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ABSTRACT 
 

Oil refineries generate huge amounts of crude oil sludge, a complex waste product containing 

many carcinogens. The rapid increase in crude oil sludge pollution on land and water has been 

an enormous environmental challenge and a serious health concern over the years. 

Bioremediation of crude oil sludge has faced challenges, such as the availability of the 

contaminant molecules to the degrading microbial populations, survival of degrading 

microorganisms and the deficiency of required nutrients to sustain microorganisms' activities 

during the biodegradation process. To overcome these challenges and enhance the 

biodegradation of crude oil sludge, this study aimed to use adapted bacteria generated from 

composting to develop an active bacterial formulation (ABF) to degrade complex crude oil 

refinery wastes sludge. The active degrading bacteria generated from co-composting crude oil 

sludge with different animal manures were isolated and identified using molecular techniques, 

a culture-dependent and culture-independent metagenomic methods (Illumina MiSeq analysis), 

a high throughput deep sequencing of 16S rRNA genes approach. The selection of isolates for 

the development of the active bacteria formulation was based on their capabilities to produce 

enzymes and biosurfactant, possession of catechol-2, 3-dioxygenase genes, and 2,6 DCPIP 

assay/screening test. The active bacteria formulations were developed in 3 different sets, 

Wet/ABF-1, Air-dry/ABF-2, and Freeze-dry/ABF-3 consisting of a carefully selected bacteria 

consortium with specialized capabilities, modified and immobilized on corncob powder. The 

formulations were evaluated for their shelf life and viability before and during storage, which 

helped to observe changes in colony-forming units (CFUs) and determine their shelf life and 

viability during storage at room temperature. The formulations were applied to degrade 

complex crude oil waste sludge, and the efficacy was measured by the PAHs residual 

concentrations after treatment using automated Soxhlet extractor and Dichloromethane as the 

extraction solvent, quantified with GC/MSD. The composition of the active degrading bacteria 
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community was analysed using culture-dependent and culture-independent approaches to 

elucidate the autochthonous microbial community present. The diversity composition was 

determined by high throughput deep sequencing of 16S rRNA genes (Illumina MiSeq next-

generation sequencer). After the treatment, the treated soil oil sludge mixture was tested for 

toxicity on sweet bell pepper plants to determine their safe disposal in the environment. Also, 

the effect of the untreated complex crude oil waste sludge was compared with that of the treated 

soil-oil sludge/ABF by application on sweet bell pepper plants in a greenhouse set-up. Co-

composting of crude oil waste sludge with animal manures efficiently generated bacteria 

capable of degrading PAHs.  Parameters such as temperature, moisture content, pH level, ash 

content, carbon dioxide evolution, and oxygen consumption measured during the incubation 

period showed that microbial activities were enhanced. The culture-dependent method and 

Illumina high-throughput culture-independent sequencing platform completely elucidated the 

bacteria community composition in this study. The sequences classified under the bacterial 

domain yielded the top 4 dominant phyla Proteobacteria, Actinobacteria, Firmicutes, 

Bacteroidetes, and minor phyla (unclassified) in different proportions affiliated to over 90 

genera. The dominant genera among the immobilized cells used for the active bacteria 

formulation were Rhodococcus sp., Bacillus sp., Gordonia sp., Dietzia sp., Ochrobactrum sp., 

Clostridium sp., Pseudomonas sp., and Microbacterium sp., which were detected in high 

relative abundance ranging from 1.0>10>. They have been consistently detected in petroleum-

contaminated environments because of their distinctive capabilities to degrade polycyclic 

aromatic hydrocarbons (PAHs), this suggests their highest abundance in these present 

experiments. The degradability-screening test, the 2,6-DCPIP assay, showed that 54% of the 

bacteria strains were positive to redox indicator reaction within the first 3 days and 77% of the 

degrading bacteria harboured the catechol 2,3-dioxygenase (cbzE gene).  Corncob powder was 

an ideal carrier material for this study, as confirmed by the scanning electron micrograph 
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(SEM) images that bacteria cells were firmly immobilized on the corncob surface. The 

application of the formulations to degrade complex crude oil sludge revealed a shift or 

differentiation in genera composition, attributed to materials, nutrient or carbon sources used 

for the experiment, as well as simultaneous factors such as symbiosis and competition to utilize 

different carbon sources. The treatment effect was evaluated via bacteria community 

composition and relative abundance, and PAH-residual level. The sweet bell pepper plant 

proved to take up PAHs revealing its phytoextraction ability in the process and exhibited rapid 

structural changes due to the PAH toxic effects. The results suggest that challenges such as the 

survival of microbial communities with degrading capabilities and nutrient deficiency in the 

treatment system were addressed by the application of the active bacteria formulation, and 

crude oil sludge degradation with some PAHs being thoroughly degraded, near-complete 

degradation (95-100%) but over 80% degradation in all the treatments was achieved within 90 

days as compared to 10 months in the previous study. Thus, the aim of this study to improve 

bioremediation using the developed active bacteria formulation and effectively shorten the 

crude oil sludge biodegradation period was achieved.  

Keywords: Bioremediation, Crude oil sludge, Co-composting, Molecular techniques, 

Metagenomics analysis, Illumina-MiSeq, Active bacteria formulation, Corncob powder, 

Immobilization, Sweet bell pepper.
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CHAPTER ONE 

1 Introduction  
 

Globally, crude oil is an essential natural mineral resource which, when refined, its products 

are highly depended upon for everyday life and activities.  As the demand for crude oil and its 

refined products increases, the waste products encountered during the refining of crude oil, 

cleaning oil storage vessels, and treating waste increases (Islam, 2015; Ubani & Atagana, 

2018). This waste is complex and comprises a thick, viscous mixture of sediments, water, oil, 

and high hydrocarbon concentration called crude oil waste sludge (Das & Chandran, 2011; 

Ibuot & Bajhaiya, 2013). Crude oil waste sludge is recalcitrant, and this is because of its strong 

molecular bonds, high molecular weights, hydrophobicity, and low solubility in water ( Liu et 

al., 2011; Ibuot & Bajhaiya, 2013). As a waste, it has been classified by the United States 

Environmental Protection Agency (US EPA) as a hazardous organic complex ( Liu et al., 2010; 

Vasilieva et al., 2012; Ibuot & Bajhaiya, 2013; Jiao et al., 2017). The mode of contamination 

in the environment is human activities, such as deliberate dumping, improper treatments and 

management, storage, transportation, and landfill disposal. The effect of crude oil sludge 

contamination on aquatics and terrestrial ecosystems is mainly physical and chemical alteration 

of natural habitats and lethal and sub-lethal toxicity (Ohanmu et al., 2019). Many studies have 

reported that components of crude oil sludge can be cytotoxic, mutagenic, and carcinogenic 

(Bojes & Pope, 2007; Wang & Wang, 2018); this has drawn much attention and caused human 

concern (Bayoumi, 2009; Arun et al., 2011; Ibuot & Bajhaiya, 2013; Zaki et al., 2014), 

although components of crude oil sludge (PAHs), do not act directly as carcinogens, they react 

in the body together to form epoxides that are active carcinogenic agents (Erkens et al., 2001; 

Gupte et al., 2016; Fathi et al., 2017; Sakshi et al., 2019). In view of the effect of crude oil 

sludge on the ecosystem, research is needed to find methods to remediate the hazardous impact 

caused by crude oil waste sludge contamination in the environment. 
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Therefore, the search for safe disposal and treatment of complex crude oil sludge generated 

during crude oil processing has been challenging. These challenges are some of the significant 

challenges faced by oil refineries and petrochemical industries (Srinivasarao-Naik et al., 2011). 

For a long time now, conventional methods have been employed to remediate the effect of 

crude oil waste sludge contamination in soil and groundwater (Koshlaf & Ball, 2017; Lim et 

al., 2016). Such remediation measures include; physical treatment such as storage, combustion, 

and incineration in a rotary kiln; chemical treatment, which included oxidative thermal 

treatment, treatment with fly-ash, lime stabilization, stabilization and solidification, pyrolysis 

treatment, and solvent extraction (Udotong et al., 2011), and the bioremediation treatment such 

as landfarming, landfill, bio-reactor treatment and composting (Koshlaf & Ball, 2017; Lim et 

al., 2016; Srinivasarao-Naik et al., 2011). However, all these methods have their challenges. 

The physical and chemical methods involve expensive equipment, machinery, and high energy 

to treat crude oil sludge (Liu et al., 2010). Some methods are inconclusive and effective, as 

they produce residues that would eventually require further treatments by other methods at the 

end of the treatment process (Liu et al., 2010). Among the methods, bioremediation, which 

uses microorganisms (Ibuot & Bajhaiya, 2013), stands out as the most effective option ( Das 

& Chandran, 2011; Chemlal et al., 2012). The use of microorganisms is possible if a large 

population of such microorganisms that have the appropriate degrading capabilities is present, 

and the conditions in the treatment system are favourable and adequate for their growth and 

activities ( Das & Chandran, 2011; Chemlal et al., 2012; Ambrazaitienė et al., 2013; Liu et al., 

2014). 

Bioremediation techniques are procedures that must be designed to suit site-specificity and 

conditions (Boopathy, 2000; Azubuike et al., 2016; Abatenh et al., 2017).  For example, 

composting as a promising treatment technique for environmental contaminants relies on 

activities of diverse and adapted successive microbial populations combining the action of both 
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mesophilic and thermophilic organisms, under carefully controlled parameters, a mixture of 

nutrients and rich organic materials to improve bioremediation of contaminants (Mani & 

Kumar, 2014; Ofoegbu, 2015; Huhe et al., 2017). Composting could be an in situ or ex-situ 

process, and if compared to other methods, the use of composted material and co-composting 

as a bioremediation technique may promote soil reuse. Therefore, bioremediation via 

composting can be considered an economically sound, natural process that degrades organic 

contaminants from harmful to harmless compounds such as CO2 and water (Anwar et al., 

2018). Furthermore, it is less disruptive to the environment (Okafor & Nwankwegu, 2016). It 

could degrade waste permanently; help reduce the environmental effect of waste. The 

composting process can be combined with other physical or chemical methods to achieve a 

better treatment outcome (Wang et al., 2016). The advantages of composting are waste 

stabilization and biological conversion of organic wastes into stable inorganic compounds by 

bacteria population present. These stable inorganic compounds may cause little or no pollution 

if discharged onto the environment (Irshad et al., 2013 Anwar et al., 2018). These features have 

made composting potentially exciting and stand out as an advantage among other 

bioremediation methods in treating contaminants. Composting has been a bioremediation 

technique used to degrade PAHs present in crude oil sludge (Marín et al., 2006), suggesting 

the existence of active bacteria community present in the compost (Moore & Kalogerakis, 

2005; Ubani & Atagana, 2018). 

Although there are many studies of hydrocarbon biodegradation, particularly those of 

weathered contamination of crude oil (Koshlaf & Ball, 2017; Ren et al., 2018; Yuniati, 2018; 

Sakshi et al., 2019), it should be noted that crude oil waste sludge could be inhibitory to 

microbial growth and not amenable to biodegradation (Sherry et al., 2014), particularly with 

the content of high molecular weight polycyclic aromatic hydrocarbons. More research is 

needed because the ability of crude oil sludge to be solubilized and transported into microbial 
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cells capable of metabolizing them is potentially the rate-limiting step in crude oil sludge 

biodegradation. The complex, hydrophobic, and lower aqueous solubility nature of crude oil 

sludge have resulted in their degradation been slow, and bioavailability declines during 

degradation processes. For this reason, crude oil sludge may not serve as the sole source of 

carbon and energy for some soil microbes. This is the most critical limiting factor in the 

degradation of crude oil sludge contamination in the environment (Ubani et al., 2016). Hence, 

bioremediation of crude oil sludge in soil-water systems depends strongly on factors such as 

desorption rates, the subsequent containment by bulk aqueous phase, and the bioavailability of 

crude oil sludge components to be used as substrates by microorganisms ( Zaki et al., 2014; 

Ubani & Atagana, 2018).  

Although several bioremediation studies have been reported to degrade crude oil sludge 

(PAHs) and other organic hydrocarbons contamination in the environments ( Tan et al., 2015; 

Fowler et al., 2016; Sarkar et al., 2016),  some of these studies are inconclusive. Each method 

has its challenges, such as the survival of either the indigenous or introduced degrading 

microorganisms because of the adverse effect of contaminants or environmental conditions that 

impede such microorganisms activities (Hou et al., 2013). On the other hand, deficiency of 

required nutrients during the bioremediation process may hinder microbial activities from 

degrading target contaminants, and these may lead to partial degradation or production of 

metabolites as residues, and such substantial residual quantity of hydrocarbons left behind 

eventually requires further treatments ( Liu et al., 2010; Das & Chandran, 2011; Srinivasarao-

Naik et al., 2011; Simons et al., 2013). Thus, to overcome these challenges and improve 

bioremediation of crude oil sludge, an active bacteria formulation (ABF) was proposed.  
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1.1 The rationale of the study  
 

Several research studies have reported the involvement of diverse and complex assemblages of 

in situ or ex situ aerobic and anaerobic bacteria and associated nutrient recycling processes in 

hydrocarbon biodegradation ( Tan et al., 2015; Fowler et al., 2016; Sarkar et al., 2016). The 

Composting process is one of the promising treatment techniques for environmental 

contaminants. It relies on activities of diverse and adapted successive microbial populations 

combining the action of both mesophilic and thermophilic organisms, under carefully 

controlled parameters, a mixture of nutrients and rich organic materials to improve 

bioremediation of contaminants (Mani & Kumar, 2014; Ofoegbu, 2015; Huhe et al., 2017).   

In our previous study, compost bioremediation was used to degrade complex crude oil sludge 

under laboratory conditions (Ubani, 2012). The study reported the reduction of selected PAHs 

between 2 and 6 rings by between 77% and 99.99% in all composting piles. However, the 

report showed that crude oil sludge residues, mainly the high molecular weight polycyclic 

aromatic hydrocarbons (HMW-PAHs), were not completely degraded in the compost piles. 

Likewise, several studies used diverse aerobic and anaerobic bacteria in the degradation of 

crude oil sludge (PAHs) and other organic hydrocarbons contamination in the environments 

(Tan et al., 2015; Fowler et al., 2016; Sarkar et al., 2016).  Those studies faced challenges such 

as the survival of degrading microorganisms because of the adverse effect of contaminants or 

environmental conditions such as extreme temperatures, low water content, pH extremes, high 

salinity, presence of toxic solvents or pollutants, ionizing radiations, mechanical abrasion, 

desiccation, (Ardakani et al., 2010; Lanzilli et al., 2016), and that impede such microorganisms 

activities (Hou et al., 2013). As well as deficiency of required nutrients during the 

bioremediation process may hinder microbial activities from degrading target contaminants 

and these may lead to the production of metabolites as residues, and such a substantial residual 
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quantity of hydrocarbons left behind would eventually require further treatments (Liu et al., 

2010; Das & Chandran, 2011; Srinivasarao-Naik et al., 2011; Simons et al., 2013). Thus, an 

active bacteria formulation was proposed to address these challenges and improve 

bioremediation of crude oil sludge. This active bacteria formulation would consist of a 

carefully selected bacteria consortia with specialized capabilities, immobilized and modified 

in a formulation to degrade both LMW and HMW PAHs present in complex crude oil sludge. 

The motivation was to improve bioremediation processes by addressing the challenges 

encountered during bioremediation, such as low survival of bacteria population introduced due 

to harsh environmental conditions and lack or insufficient nutrients available to a microbial 

population that could stimulate their growth and activities. Also, to make available a bacteria 

formulation for the degradation of crude oil sludge within a short time, that effectively shortens 

the response time.  

Since composting treatment degraded crude oil sludge to a great extent, it suggested that an 

active metabolic bacteria community was present in the compost pile (Ubani, 2012). Therefore, 

in the present study, the co-composting of crude oil sludge using different manures was to raise 

successive, adapted, and diverse endogenous bacteria populations with varying capacities to 

degrade and transform complex crude oil sludge into a harmless compound.  It has been 

reported that such an adapted endogenous bacteria community could degrade pollutants about 

six to ten times more than their counterparts because of their adapted metabolic heterogeneity 

and synergistic advantages ( Vázquez et al., 2013; Gharibzadeh et al., 2016).  

Then, to carefully select such an adapted endogenous active metabolic bacteria community 

present in compost piles, conventional culture-dependent, and independent methods via 

isolation, molecular identification, and characterization were used. It involved enrichment 

culture on liquid and solid media, and the media was modified to suit the present study, then, 

molecular-based PCR, and gene sequencing analysis. These techniques targeted the bacteria 
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diversity present at the mesophilic and thermophilic phases of the composting process, at their 

maximum metabolic growth and activities. They were further characterized to determine their 

behavior, growth, and activities based on their physiology, metabolic heterogeneity, synergy, 

and functional dynamics as well as capability to degrade and mineralize complex crude oil 

sludge also (Bayoumi, 2009; Vázquez et al., 2013; Lim et al., 2016).   

Their selection was based on their specific metabolic capabilities to convert petroleum 

hydrocarbons such as the PAHs to less harmful products by utilizing them as their source of 

carbon and energy (Moore & Kalogerakis, 2005). Additionally, it is the uniqueness of their 

multi-degradative properties that made them possess adapted potential to quickly change their 

growth substrates when there is limited availability of a specific group of substrates and 

metabolites. The first group considered include those bacteria isolates that are stable due to 

their ability to form spore which enables them long-lived, and to survive harsh environmental 

conditions such as starvation, high temperatures, ionizing radiations, mechanical abrasion, 

desiccation, and pH extremes (Ardakani et al., 2010; Lanzilli et al., 2016). 

Other special bacteria isolates were selected; although they do not form spores that protect and 

preserve their shelf life; instead, they produce mycolic acids and trehalolipids that helps shield 

their membrane hydrophobicity from harsh environmental conditions, then they can solubilize 

and digest hydrophobic substrate, making them bioavailable for their growth and activities 

(Masy et al., 2016). These special bacteria strive to grow by overcoming environmental 

stresses, such as low temperature, low water content, high pH, high salinity, lack of nutrients, 

presence of toxic solvents, or pollutants. These features have made these groups of bacteria 

isolates which do not form spore special for bioformulation and bioaugmentation; besides, they 

also degrade a broad range of aliphatic, branched, cyclic, polycyclic aromatic hydrocarbons 

(Masy et al., 2016). These kinds of bacteria isolates possess strong diverse enzymatic and 

metabolic degradation capabilities, and they can simultaneously biotransform multiple 



8 
 

hydrocarbons (LMW/HMW-PAHs) under any environmental condition (Brzeszcz & Kaszycki, 

2018). Such bacteria include Rhodococcus sp., Pseudoxanthomonas sp. RN402, Burkholderia 

cepacia sp., Ochrobactrum sp. C1, Bacillus sp. PHA3, Pseudomonas sp. strains, Streptomyces 

sp. ERICPDA-1, Mycobacteria sp., Mycobacterium vanbaalenii sp. PYR-1, Mycobacterium sp. 

AP1, Sphingomonas koreensis sp. ASU-06, Acinetobacter sp., and more. The LMW and HMW 

aromatic molecules are their substrates preference (Kuppusamy et al., 2016). Most of them are 

efficient biosurfactant producers on petroleum hydrocarbon medium, and they also produce 

extracellular enzymes such as polysaccharides-degrading enzymes and protease, which can 

catalyze a wide variety of synthetic reactions and utilize aromatic substrates (PAH-

degradation) (Leunen et al., 2002; Von Der Weid et al., 2003; Jayaraj et al., 2005). Production 

of biosurfactants by these bacteria isolates has been studied extensively, biosurfactants they 

produce serve as a surface-active nutrient to them, it is non-toxic, biodegradable, and naturally 

compatible within biological systems (Blyth et al., 2015).  The advantage is biosurfactants 

retention of high activity at extremes of pH, temperature, and salinity, to disperse and emulsify 

hydrocarbons thereby increase the bioavailability of substrate as well as increase 

hydrophobicity of cell surface which in turn increases the substrate interaction and 

biodegradation capacity by bacteria cells (Blyth et al., 2015; Bezza, 2016; Ivshina et al., 2016; 

Kästner & Miltner, 2016; Lim et al., 2016). 

The selected bacteria isolates made up the consortia. As consortia, studies have proved that 

they are more effective in biodegradation of pollutants than single and pure isolates, possibly 

because of their combined active and cooperative metabolic capabilities, which are a significant 

advantage of the use of mixed bacteria (Patel et al., 2018). They also enhance the 

biodegradation of pollutants since the intermediates produced by some bacteria during 

pollutant metabolism could serve as a substrate to others for growth and activity in the same 

system (Kuppusamy et al., 2016). Again, carefully selected consortia may use different modes 
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in the metabolism and uptake of hydrocarbon concomitantly, such as uptake of soluble 

hydrocarbons, uptake of emulsified forms, or direct interfacial uptake facilitated by the 

development of hydrophobic cell surfaces (Varjani & Upasani, 2017).  

Thus, the consortia were used to develop active bacteria formulation to improve 

biodegradation, especially HMW-PAHs present in crude oil sludge. The formulation also 

involved using a carrier to increase stability and interaction for the bacteria population present. 

There are different kinds of suitable carrier materials used in bioremediation, and they include 

organic, inorganic, natural, and synthetic carriers. For example, the corncobs powder, 

vermiculite, talc-based powder, peat-based power, bentonite-based powder, alginate, κ-

carrageenan, chitosan, sawdust, straw, charcoal, plant fibers, bagasse, rice, husks of sunflower 

seeds, diatomite, mycelium, and many more (Vidhyasekaran & Muthamilan, 1999; Jayaraj et 

al., 2005; Ardakani et al., 2010; Dzionek et al., 2016). The development of the bacteria 

formulation with any of these carrier-based powders and some microbial populations has been 

successful and stable because of the kind of organisms used ( Jayaraj et al., 2005; Ardakani et 

al., 2010). There is no significant information on the effect of any individual carrier ingredients 

on the viability of the organism. If there is any, it could be due to the unique nature of the 

components used in each formulation (Jayaraj et al., 2005).  

Several successful methods were used to develop bacteria formulation, and one is by bacterial 

cells immobilized on carrier materials.  The immobilization technique allows bacteria to 

perform better. Immobilization limits bacteria cells’ mobility and enzymes while enhancing 

their viability and metabolic functions.  Immobilization of bacteria isolates on carrier material 

improves their ability to resist harsh environmental conditions and cause a faster reaction, then 

higher biodegradation of pollutants (Wei et al., 2015). There are different immobilization 

techniques such as adsorption, binding on a surface (electrostatic or covalent), flocculation 

(natural or artificial), entrapment, and encapsulation. The choice of immobilization technique 



10 
 

for viable bacteria is based on types of selected bacteria isolates as well as their adsorption and 

electrostatically binding capability on carrier surface (Liu et al., 2015).  

Furthermore, suitable carrier materials are required to be highly porous to allow enough space 

for the adsorption or binding on the surface by bacteria.  However, carrier choices depend on 

bioremediation techniques and site-specificity. Quality carrier materials are biodegradable, 

compatible, and, most importantly, commercially available from agricultural or food industries 

support bacteria immobilization (Dzionek et al., 2016).  

Natural carrier materials such as the corncobs have more tremendous advantages over others, 

including synthetic carriers, because corncobs are perforated, allowing enough attachment 

space for bacteria. Corncobs also have a high water-holding capacity, and it can improve soil 

structure, preserve, and enhance bacteria growth without barriers to oxygen diffusion. 

Corncobs have been used in bioaugmentation and were a suitable carrier. It can function as a 

bulking agent in the soil for aeration during bioremediation (Deng et al., 2016). Corncob is a 

raw material abundantly available as agricultural waste produced in farms. Corncobs have been 

successfully used in many studies as an immobilized carrier matrix (Wei et al., 2015; Deng et 

al., 2016). Corncobs was a suitable material for bacteria immobilization because of their 

potential for biodegradability, non-toxicity, physiology, and availability. Corncobs contain 

glucide and cellulose, a source of carbon and nutrients for bacteria to produce extracellular 

substrates such enzymes and polysaccharides, which serves as a suitable cell immobilizer 

matrix (Xu et al., 2009; Lee et al., 2010; Jain et al., 2013). Besides, corncobs powder as a carrier 

material may serve as bulking, bioaugmentation and biostimulation agent, a carrier and nutrient 

for crude oil sludge degrading bacteria (Simons et al., 2013). Immobilization of bacteria cells 

with degrading capabilities on a carrier material is an active bacteria formulation (ABF) 

proposed for bioremediation of crude oil sludge.  
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The viability and shelf life of bacteria isolates in the formulation were evaluated before and 

during storage. Samples were taken on monthly intervals from the first to the sixth month. Each 

month samples were serially diluted in distilled water and plated out on Luria Bertani (LB) 

agar plate, incubated at 28OC to evaluate the colony-forming units (CFUs). This evaluation 

helped observe a decrease in the number of the CFUs and determine the number of shelf life 

and viability in months of storage after the product has been packed and sealed for storage at 

room temperature.  

However, viability and survival time are the challenges faced by bioformulation, and the 

proposed solution has been to air-dry and lyophilized preparations. The lowered water content 

supports long-term survival during storage. The formulation process dehydration phase is the 

most critical, especially for non-spore-forming bacteria. One of the significant challenges is to 

develop an improved formulation that provides high shelf-life, viable cells, protection against 

harsh soil and environmental condition, and convenient to use (Hou et al., 2013; Wei et al., 

2015; M & B.D, 2017).  

Thus, the development of active bacteria formulation focused on improving the biodegradation 

of crude oil sludge.  The motivation was in anticipation (1) to produce a ready to apply active 

bacteria formulation, (2) to shorten the response time of biodegradation effectively, and (3) the 

formulation could be used in any weather condition, anywhere in sea and land.   

1.2 Application of Active Bacterial Formulation  
 

The formulation was designed to be in a medium that contains readily available nutrients, 

coupled with adequate and favorable conditions for bacteria survival and viability during 

storage at room temperature for a longer time (Jayaraj et al., 2005; Wei et al., 2015; Dzionek 

et al., 2016). This design is because most formulations are stable when stored at room 

temperature, while some may dehydrate in storage after some months. Thus, considering the 
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formulation requirements, it is essential to develop convenient, user-friendly, and easy-to-store 

formulations (Jayaraj et al., 2005; Wei et al., 2015; Dzionek et al., 2016). The development of 

this bacteria formulation was evaluated, mainly focused on crude oil sludge response readiness 

and treatment.   Developed bacteria formulation was applied for degradation/reduction of 

complex crude oil sludge. After treatment, the treated soil-oil sludge mixtures (by-products) 

were tested on sweet bell pepper plants to determine their safe disposal in the environment, and 

the effect on the plants was compared with untreated complex crude oil sludge. The bacteria 

formulation was evaluated to speed up the degradation process and eliminate the challenges 

incurred during excavation and transportation of crude oil sludge treatment. The anticipated 

advantages of the bacteria formulation were that: 

(1) It could be used where mechanical and simple chemical recovery may not be possible.  

(2) The formulation may allow for rapid treatment of the large or remote area, which could 

be a key advantage over other methods.  

(3) It can effectively shorten the oil spill response time in the environment (as it is ready to 

apply). 

(4) The formulation may accelerate the biodegradation process by increasing the 

bioavailability of oil to microorganisms and 

(5) The formulation would be biodegradable, biocompatible, and non-toxic to the 

environment. Hence, this active bacteria formulation was developed as an enhanced 

technique, essentially designed to optimize complex crude oil sludge bioremediation. 

1.3 Aims and Objectives   
 

This study aimed to use adapted bacteria raised from composting to develop an active bacteria 

formulation for the degradation of complex crude oil refinery wastes sludge.   
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The specific objectives include: 

• Co-composting of oil sludge and animal manures to raise adapted bacteria capable of 

degrading complex crude oil waste sludge. 

• Isolation and characterization of adapted bacteria from the compost pile to select 

specific and capable bacteria diversity for a unique formulation. 

• Development of a unique formulation that can support these bacteria over a period.  

• To determine the bacteria viability and shelf life in the media by assessing the bacteria's 

population over a period.  

• Application of a shelf active bacteria formulation (ABF) for the degradation of complex 

crude oil wastes sludge. 

• Toxicity test effects of the treated soil-oil sludge mixture and untreated crude oil sludge 

compared on the sweet bell pepper plant (Capsicum Annuum). 

1.4 Thesis Organisation or Layout 
 

This thesis is a compilation of Seven Chapters and Five manuscripts/articles. Three of the 

journal articles have been published in accredited peer-reviewed international journals, while 

two of the manuscripts are under peer-review. 

Chapter One.  The first Chapter is the Introduction to the development of an active bacterial 

formulation for degradation of complex crude oil wastes, the rationale of the study, application 

of the active bacterial formulation, aims and objectives, and thesis organization or layout.  

Chapter Two.  The Literature Review reviews the current state of developments, constituents 

of crude oil refinery waste sludge, crude oil sludge (PAHs) in the environment, carcinogenicity 

and harmful effect of crude oil sludge, environmental fate of components of crude oil sludge 

(PAHs), bioremediation of crude oil refinery waste sludge, microbial biodegradation of crude 
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oil refinery waste sludge, biodegradation of PAHs in crude oil sludge by a bacterial consortium, 

factors affecting PAH microbial biodegradation processes, and active microbial formulation.  

Chapter Three. Co-composting of crude oil sludge with different animal manures to raise 

adapted bacteria capable of degrading complex crude oil wastes sludge. 

Chapter Four. Isolation and characterization of adapted bacteria capable of degrading 

complex crude oil waste sludge raised from a tailored co-compost. 

Chapter Five. Development of an active bacterial formulation (ABF) for the degradation of 

complex crude oil wastes sludge. 

Chapter Six. Application of the active bacterial formulation (ABF) for the degradation of 

crude oil waste sludge. 

Chapter Seven. General discussion, conclusion, and recommendation from this study. 
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CHAPTER TWO 

Literature Review 

2 Introduction 
 

Crude oil refinery waste sludge is a complex chemical compound comprising alkanes, 

asphaltenes, resin, and high polycyclic aromatic hydrocarbons (PAHs) of different benzene 

rings and concentrations, depending on the source (Islam, 2015). They are volatile and semi-

volatile organic carbons (VOCs and SVOCs) (Mishra et al., 2001; Bojes & Pope, 2007; 

Adedapo, 2017; Alegbeleye et al., 2017). The effects of crude oil refinery sludge exposure to 

human health and their contribution to environmental pollution had prompted the restriction to 

its reckless disposal in the environment (Megharaj et al., 2011; Sprocati et al., 2012; Fuentes 

et al., 2014; Safdari et al., 2018).  

2.1 Constituents of Crude Oil Refinery Waste Sludge  
 

Constituents of crude oil refinery waste sludge that have drawn much attention and caused 

human concern include naphthalene, 1-methyl naphthalene, 2-methyl naphthalene, 

acenaphthylene, acenaphthene, fluorene, anthracene, phenanthrene, fluoranthene, pyrene, 

chrysene, benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, 

dibenzo(a,h)anthracene, benzo(g, h, i) perylene. and indenol (1,2,3-cd) pyrene (Bojes & Pope, 

2007;  Srogi, 2007; Bayoumi, 2009; Ibuot & Bajhaiya, 2013; Zaki et al., 2014; Obi et al., 2016; 

Wang & Wang, 2018; Ibuot, 2019). Their chemical structures and complex ring molecules are 

shown in Figure 2.1. 
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Figure 2.1.  Constituents of crude oil refinery waste sludge that has drawn much attention 
and caused human concern (Picture were adopted and modified from Zedeck, 1980; Moorthy 
et al., 2015 and Ubani, 2012) 
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2.2 Crude Oil sludge (PAHs) in the Environment  
 

Crude oil refinery waste sludge is encountered during the refining of crude oil, clean-up of 

crude oil storage vessels, and waste treatment (Islam, 2015). It is an environmental contaminant 

that pollutes land and watercourse; its contamination causes destructive effects on humans, 

plants, animal life, and the environment, as indicated in Figure 2.2. When this contaminant is 

recklessly disposed of, it affects both aquatic and terrestrial life (plants and animals). In contact 

with animals, it infiltrates bird's feathers and sticks on mammal's hairs, affecting their 

insulation abilities and adaptation to temperature changes within their environment. Then, as 

they try to clean-up their body, they are poisoned by eating crude oil sludge in the process. This 

affects their body temperature and causes digestive tract discomfort, causes liver and kidney 

malfunction, and they may get hypothermia that eventually leads to their death. Furthermore, 

aquatic life is greatly affected by the careless disposal of crude oil sludge because as the water 

surface is covered by crude oil sludge, sunlight cannot infiltrate the bottom of the water for 

photosynthesis. As a result, plants are unable to produce their food, and then oxygen release 

becomes a challenge, leading to the death of many aquatic organisms. 
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Figure 2.2 Pollution and destructive effects oil spill/oil sludge have on plants, animal life, as 
well as the environment (water, land, and Air). A. Gulf of Mexico oil spill. B. A bird covered 
in the oil spill. C. Oil sludge effect on land and plants. D. Oil spill effects on water and the 
environment (http://www.Impact of Oil Spills - On Coastal & Marine Ecosystems/ water-
pollution, accessed on 20/11/2019; Jyotsna Ramani, 2014). 

 

In addition, most components of crude oil sludge (PAHs) occur in atmospheric vapor 

particularly the low-molecular-weight PAHs mainly occur in a gaseous state, which is 

determinant on environmental conditions such as the relative humidity, surrounding 

temperature, including the source and characteristics of the crude oil sludge (Abdel-Shafy & 

Mansour, 2016; Alegbeleye et al., 2017), while the high molecular weight PAHs such as the 

five or more rings mostly stick to matter/particles (Adedapo, 2017; Alegbeleye et al., 2017; 

Duff, 2017). They often stick to water surfaces and soils where they have a long life and 

eventually evaporate into the atmosphere (Keyte et al., 2013). Crude oil sludge components 

(PAHs) can also react with pollutants such as ozone, hydroxyl radicals, nitrogen dioxide, and 

sulphur dioxide, yielding diones, nitro- and dinitro-PAHs, and sulfonic acids, whose toxicity 

may be more significant than the parent pollutant (Moorthy et al., 2015). These show that crude 

oil sludge components (PAHs) are considered a substantial harmful constituent to human health 
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through breathing. Bearing in mind this health concern, the level of particle-bound PAHs in 

urban areas has become more critical (Chetwittayachan et al., 2002; Halek et al., 2010).   

The adverse effects of crude oil sludge on soil biology and richness have been vital in 

advancing effective technologies for the biodegradation of these contaminants in the 

environment (Okieimen & Okieimen, 2005). It is commonly known that land, as an 

environmental element, earns equal care and safety as water and air (Okieimen & Okieimen, 

2005). This acknowledgment has perhaps risen since the increased land contamination 

occurrences, the shortage of land, responsiveness, and concern around the lengthy effects of 

land contamination on terrestrial and aquatic ecosystems. As crude oil sludge is discarded into 

the environment, lighter composites evaporate, and denser ones persist. In addition, the soil has 

been converted to a significant pool for PAHs. Particulate PAHs enter the soil through wet or 

dry atmospheric deposit, and additional sources may include dumping of waste constituents, 

creosote usage, road overflows, and car tire grinding, unintentional petroleum spills and 

leakages as well as industrial wastewaters, and sewage sludge (Maliszewska-Kordybach, 2005; 

Rybak & Olejniczak, 2014; Hanedar et al., 2020).  PAHs build-up in soils may prime to 

contamination of vegetables and food chains, which may be a constant source of unintended 

PAH contact to humans (Srogi, 2007). Overtime, PAHs build-up to the level that they become 

problematic to remove since they are inherent in fine pores. They become safe from biota attack 

in the soil; therefore, they are not bioavailable. Their fate and behavior are influenced by soil 

type and physicochemical characteristics (Adedapo, 2017). Such characteristics comprise their 

(concentration, structures of the components and their solubility), ecological environments 

(temperatures, pH, moisture content and wind), and the accessible microorganisms 

(composition and genetics) (Ubani, 2012). Their solubility is the crucial issue of their fate in 

the environment. The solubility of crude oil sludge components is not the same, some are 

substantially soluble polar compounds, and others are of low solubility (PAHs) (Adedapo, 
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2017; Alegbeleye et al., 2017). As the period of interaction between crude oil sludge 

constituents and the environments increase, there is a decline in bioavailability, a development 

called aging. This has drawn much attention in current years. 

2.3 Carcinogenicity and Harmful Effect of Crude Oil Sludge 
 

The resulting PAHs Benz(a)anthracene, Benzo(a)pyrene, Benzo(b)fluoranthene, Benzo (k) 

Fluoranthene, Chrysene, Benzo (a,h) anthracene, and Indeno (1,2,3-c,d) pyrene have been 

categorized as human carcinogens founded on adequate proof of carcinogenicity after reports 

on experimental animals (Moorthy et al., 2015; Rao & Kumar, 2015). Other reports have shown 

that employees unprotected from long-standing mixes of PAHs and compounds at work are at 

increased hazard of skin, lung, bladder, and gastrointestinal cancers (Johnson-Restrepo et al., 

2008; Moorthy et al., 2015; Rao & Kumar, 2015). PAHs are extremely phospholipid soluble 

and are quickly taken in through animals intestinal tract (Heitkamp et al., 1988; Adedapo, 2017; 

Alegbeleye et al., 2017). They might be widespread in tissues, mostly in body fat. The PAHs 

necessitate metabolic stimulation and transformation to exhibition their genotoxic and 

carcinogenic characteristics (Lundstedt et al., 2006; Aranda et al., 2013; Okoronkwo et al., 

2019).  In addition, PAHs can also be transformed to further poisonous or carcinogenic 

metabolites, responsive intermediates that might react with DNA to create adducts, stopping 

the gene involved from performing routinely (Moorthy et al., 2015).  

The enzyme classification mostly liable for PAH breakdown is the cytochrome P450 diverse 

activity of oxidase enzymes system, which transforms the non-polar PAHs into polar hydroxy 

and epoxy by-products (Moorthy et al., 2015; Rao & Kumar, 2015). The resulting epoxides or 

phenols may become detoxified in a reaction to create glucuronides, sulphates, or glutathione 

conjugates. Some of the epoxides might break down into dihydrodiols, which in turn, undertake 
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conjugation to produce soluble decontaminated products or be oxidized to diol-epoxides. These 

diol-epoxide metabolites regularly react and bind to DNA, resulting in mutations and cancer. 

2.4 Environmental Fate of Components of Crude Oil Sludge (PAHs) 
 

Amidst varieties of the process through which PAHs are dissolved in the environment, which 

comprises chemo-oxidation and photo-oxidation, microbial degradation has proven to be a 

better degradation path for PAHs in soils (Adedapo, 2017; Alegbeleye et al., 2017). PAHs have 

different half-lives in environmental partitions (such as soil, Air, water) dependent on their 

compositional exposure to chemical, physical, or biological breakdown. Though oil refinery 

waste sludge and its components are incredibly recalcitrant in typical environments generally, 

the high molecular weight polycyclic aromatic hydrocarbons (HMW-PAHs) (Arce-Ortega et 

al., 2004; Bueno-Montes et al., 2011; Ortega-Calvo et al., 2013; Sopeña et al., 2014; Ren et al.,  

2018; Ren et al., 2018). Such features are accredited to their stable molecular bonds, high 

molecular weights, hydrophobicity, and comparatively low water solubility. The hydrophobic 

nature of these pollutants results in their partitioning onto soil matrix (Srogi, 2007), and they 

may be sorbed strongly to the animate segment of sediments and soils. As a result, their 

degradation is slow, and bioavailability declines during aging, making them persistent 

pollutants (Srogi, 2007; Adedapo, 2017; Alegbeleye et al., 2017; Ren et al., 2018; Ren et al., 

2018). This pollutant has less aqueous solubility (Srogi, 2007; Adedapo, 2017) and might not 

become the potential carbon and energy source for some soil microorganisms. This is the 

utmost limiting aspect of the degradation of oil refinery waste sludge contaminated soil (Srogi, 

2007; Alegbeleye et al., 2017). Therefore, their bioremediation in soil-water systems varies 

enormously on issues such as (1) their desorption rates from the soil surface, (2) the following 

is inhibition by bulk aqueous phase (Srogi, 2007; Ren et al., 2018; Ren et al., 2018), (3) 

likewise, the bioavailability of these composites serving as substrates to microorganisms.  
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2.5 Bioremediation of Crude Oil Refinery Waste Sludge 
 

Bioremediation is not a novel technology, though; perceptions of bio-remedial technologies to 

treat pollutants differ. Bacteria, fungi, algae, and plants are generally used for bioremediation.  

Using microorganisms to treat, reduce, or remove environmentally harmful waste is currently 

gaining more acceptance. There are 3 categories of bioremediation: 

1. Biotransformation - the amendment of pollutant particles into less or harmless particles 

2. Biodegradation - the breakdown of organic materials in smaller organic or inorganic particles 

3. Mineralization - the complete biodegradation of organic materials into inorganic constituents 

such as CO2 or H2O (Ubani & Atagana, 2018).  

These 3 groups of bioremediations can happen both in situ (at the location of pollution) or ex-

situ (pollutant is moved out of the location of pollution then treated somewhere else) (Adedapo, 

2017; Alegbeleye et al., 2017). There are advantages and challenges facing both in situ and ex 

situ approaches. Likewise, ex-situ approaches are known as pump and treat, remove the 

pollutants, and then place them in a confined location. It involves excavation and conveyance 

(transfer) from the natural or original polluted location to another place for treatment. This 

permits monitoring and maintaining conditions and progress, making the bioremediation 

process quicker. Though, excavation of pollutants from the polluted location is tedious, 

expensive, and possibly unsafe because through conveying the pollutant to the surface, the 

workforces and the overall public partake in contact with the poisonous material. However, the 

in-situ approach does not necessitate removing the contaminant from the contaminated 

location. The in-situ bioremediation technique entails treating contaminants at the natural or 

original contaminated locations without transfer.  The in-situ procedures comprise 

biostimulation, and bioaugmentation, in situ remediations, are practical besides cheaper since 

there is no need for excavation and conveyance, but it is less controllable and less effective. 
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The key benefit of the ex-situ method is that its products are reusable. Amidst all, 

bioremediation of crude oil sludge is a promising approach, where acclimatized microbial 

species with degrading capabilities are used for the degradation of the sludge. They are nature-

compatible, dependable, inexpensive, and easy to adopt than physical and chemical approaches 

(Ubani & Atagana, 2018). The end products are generally harmless carbon dioxide, water, and 

fatty acids. Bioremediation is usually cheaper, and disruption is negligible; it eradicates waste 

permanently, removes long-standing liability, and has better public acceptance; with 

monitoring encouragement, it can also be joined by other physical or chemical methods (Sarika 

Saxena, 2015; Ubani & Atagana, 2018). Bioremediation has its impediments; some chemicals 

are not responsive to bioremediation, such as heavy metals, radionuclides, and chlorinated 

compounds. In some cases, the microbial breakdown of pollutants might create poisonous 

metabolites.  

2.6 Microbial Biodegradation of Crude Oil Refinery Waste Sludge  
 

Crude oil sludge shows degradable plus biodegradable characteristics in the environments (soil, 

water, and sediments) (Sarika Saxena, 2015; Ubani & Atagana, 2018). Thus, to effectively 

exploit the microbial degradation of oil sludge, it is vital to know and master the process 

required to manipulate the best result microbial activities. For crude oil sludge comprising vast 

amounts of hydrocarbons, microorganisms must be capable of utilizing hydrocarbons as 

substrates (Sarika Saxena, 2015). They must produce enzymes that catalyze the reaction in 

which these pollutants are degraded to simpler, lower molecular chains and less toxic 

compounds (CO2 and H2O) (Ubani, 2012), done by acquiring the nutrients and energy needed 

for their survival in the process (Sarika Saxena, 2015). This process's initial step is the break-

down of crude oil sludge by bacteria and fungi. It entails the oxidation of the substrate by 

oxygenases, in which molecular oxygen is essential. Aerobic conditions are required for this 
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microbial oxidation path of hydrocarbons (Marín et al., 2006). Microbial bioremediation of 

crude oil waste sludge is vastly reliant on the features that include crude oil sludge, unique 

microbial consortium, and factors affecting the biodegradation process (temperature, pH, and 

moisture). The characteristics and fate of crude oil sludge rely on its molecular size and 

topology (Kanaly & Harayama, 2000). For low molecular weight petroleum hydrocarbons (4-

ring or less), removal by evaporation is the first line of elimination (Ubani, 2012). As the 

molecular sizes increase, biodegradation rates become slower. Although very slow, crude oil 

sludge is liable to degradation by naturally existing microflora, but this procedure reduces 

nutrient and oxygen levels in the soil, which hampers other environmental processes. Thus, to 

improve the biodegradation methods and make it economically practical and fast, it is essential 

that the bioavailability of petroleum hydrocarbons in soil be improved. This might be via 

biostimulation, which is the addition of nutrients to stimulate the degradative capabilities of 

the indigenous microorganisms’ present (Sarika Saxena, 2015). Several microbial strains can 

degrade only specific crude oil sludge components since crude oil sludge is a complex mixture 

of different petroleum hydrocarbons (Ubani et al., 2013). Single bacterial species have only 

little capacity to degrade all the hydrocarbons' fractions present (Ubani et al., 2013). Hence, a 

consortium of other bacterial species that can degrade a wide range of hydrocarbon constituents 

of crude oil sludge should be employed. Similarly, steps must be taken to make sure that the 

original indigenous bacterial communities are part of the consortium. Mishra et al., (2001), 

proposed that indigenous microorganisms isolated from a polluted location may be helpful in 

the degradation of crude oil sludge, as indigenous microorganisms are adapted, can degrade 

the components of crude oil sludge besides they have an advanced tolerance to toxicity that 

might wipe out other species introduced via augmentation.   
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2.7 Biodegradation of PAHs in Crude Oil Sludge by Bacterial Consortium 
 

The breakdown of hydrocarbons by bacterial species relies on oxygen availability in a system. 

Thus, the initial attack of bacteria on hydrocarbons requires molecular oxygen as a co-substrate. 

The initial enzymes in the alkanes metabolic pathways are monooxygenases, whereas both 

monooxygenases and dioxygenases attack aromatic hydrocarbons. These enzymes contain 

hydroxyl groups, resulting from molecular oxygen, into the aliphatic chain or aromatic ring 

(Rabus et al., 2016). The restriction in aerobic PAH catabolism’s initial enzymatic process is 

the aromatic ring’s cleavage. The bacterial metabolism of PAHs is by oxidative action of the 

naphthalene dioxygenase enzyme complex, which attracts molecular oxygen to the aromatic 

ring (Elliot et al., 2011). This enzyme complex specifically integrates atoms of oxygen to the 

two carbon atoms formerly sharing a bond, forming a cis-dihydrodiol. This intermediate 

afterward undertakes re-aromatization by dehydrogenases to form dihydroxylated 

intermediates (catechol). These intermediates next go through ortho or meta cleavage (fission), 

resulting in cis- muconic acid or 2-hydroxymuconic semialdehyde, independently (Elliot et al., 

2011; Alegbeleye et al., 2017). Ring cleavage induces succinic, fumaric, pyruvic, acetic acids, 

and aldehydes, which are used by microorganisms for the synthesis of cellular components and 

energy (Elliot et al., 2011; Sarika Saxena, 2015; Alegbeleye et al., 2017). The catabolism of 

the petroleum hydrocarbons by aerobic bacteria is briefly explained in Figure 2.3. 
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Figure 2.3 The petroleum hydrocarbon’s microbial catabolism briefly explained (Bezza, 2016).   

	

2.8 Factors affecting PAH Microbial Biodegradation Processes  
 

Several factors (physical, chemical, and biological) might influence the efficacy of an 

appropriate approach for microbial bioremediation of crude oil sludge (Singh et al., 2015). 

They are the effect of pH, nutrients, salinity, oxygen, temperature, enzymatic activities, 

pressure, water activities/ moisture contents, and the molecular size such as several benzene 

rings and molecular build-up, which is the shape of ring links. 
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2.8.1 Effect of pH  
 

Crude oil sludge degrading heterotrophic bacteria and fungi accomplish their best at neutral 

pH. However, acidic conditions are more favourable to fungi (Alegbeleye et al., 2017). At pH 

7 to 7.8, the mineralization of crude oil sludge is ameliorated, thus enhancing the complete 

biodegradation procedure ( Singh et al., 2015; Alegbeleye et al., 2017). The metabolic 

pathways for degradation of crude oil sludge vary in fungi and bacteria (Singh et al., 2015; 

Alegbeleye et al., 2017); in fungi, the decomposition of crude oil sludge components by fungi 

may give rise to mutagenic intermediates ( Singh et al., 2015; Alegbeleye et al., 2017). In such 

an instance, bacteria degradation is preferred; thus, the addition of lime to the process may be 

used to raise the pH from acidic to alkaline level so that bacterial growth may be favoured over 

fungi growth. 

2.8.2 Essential Nutrients  
 

The growth of heterotrophic bacteria and fungi relies on several nutrient elements, electron 

acceptor, and organic compound that provides a source of carbon and energy (Ubani et al., 

2013). Oxygen, in this case, is the electron acceptor for aerobic microorganisms.  

Microorganisms can use inorganic compounds, for example, nitrates, sulphates, carbon 

dioxide, ferric iron, then crude oil sludge as organic compounds, and they act as electron 

acceptors for electrons released by the oxidation of the substrate carbon source. Bacteria and 

fungi also need low concentrations of some amino acids, vitamins, or other organic molecules 

like growth factors. The absence of any of these essential elements from the environment may 

impede microorganisms' growth and metabolism (Ubani et al., 2013). Microorganisms that 

degrade crude oil sludge rely on fixed forms of nitrogen (NH3, NO3-, NO2- and organic 

nitrogen) to meet their nitrogen demand. These nitrogen forms are generally insufficient for 

microbial populations in soil, groundwater, and surface water (Ubani et al., 2013). Microbial 
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synthesis of adenosine triphosphate (ATP), nucleic acids, and cell membranes need 

phosphorus. The bioavailability of nitrogen to soil microorganisms is usually in an inorganic 

form such as ammonium or nitrate (Ubani et al., 2013).  Furthermore, microorganisms can use 

ammonia or nitrogen gas (Ubani et al., 2013), whereas phosphorus is obtainable in the form of 

orthophosphate for their growth and activities (Ubani et al., 2013).   Singh et al. (2015) reported 

that nitrogen and phosphorus have a significant role in microbial degradation of crude oil 

sludge.  

2.8.3 Salinity  
 

There is a useful link between salinity and rates of mineralization of crude oil sludge 

components (PAHs) such as phenanthrene and naphthalene (Alegbeleye et al., 2017). However, 

the resultant of hypersalinity might decrease microbial metabolic rates. 

2.8.4 Oxygen  
 

Aerobic biodegradation is an active pathway for bioremediation. This shows that oxygen 

availability is essential in biodegradation and catabolism of cyclic plus aromatic hydrocarbons 

by bacteria and fungi (Singh et al., 2015). The breakdown of crude oil sludge components 

might perhaps include the use of oxygenase, in which molecular oxygen is compulsory. 

Significant and natural microbial hydrocarbon degradation happens mostly in the presence of 

oxygen (Singh et al., 2015). Although microorganisms, anaerobic degradation of PAHs does 

occur but is relatively insignificant and restricted to halogenated aromatics compounds such as 

the halobenzoates, chlorophenols, and alkyl-substituted aromatic (Ubani et al., 2013). 

2.8.5 Temperature  
 

Temperature is a significant variable that influences crude oil sludge biodegradation 

(Alegbeleye et al., 2017). Microorganisms can thrive at temperatures below 0OC to above 
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100OC with favourable water supply (Ubani et al., 2013). Bacteria can survive at different 

temperatures. Crude oil sludge metabolism by microorganisms is governed by the best suitable 

temperature and microbial community composition. The temperature influences the physical 

nature and chemical composition of crude oil sludge components (Ubani et al., 2013; 

Alegbeleye et al., 2017). A temperature rise is relative to contaminants solubility, promoting 

microorganisms metabolic activity (Ubani et al., 2013). When temperatures are low, crude oil 

sludge tends to be more viscous, and its water solubility is significantly reduced (Ubani et al., 

2013). Low temperature also affects microbial growth, resulting in a decrease in the 

degradation rate (Ubani et al., 2013). A decline in enzymatic activities is also the result of low 

temperatures. The best temperature for microbial degradation is mostly in the range of 20OC to 

40OC. At temperatures exceeding this range, enzymatic activities are inhibited; for example, 

proteins denature at a higher temperature (Ubani et al., 2013).   

2.8.6 Water activities/ Moisture contents  
 

According to Viñas et al. (2005), the degradation rates of crude oil sludge components are 

likewise influenced by moisture level because water is needed for microbial growth and 

enzymatic/biochemical activities (Elliot et al., 2011). Elemental uptake by microorganisms is 

through the absorption and transportation of solubilized molecules across the cell membrane. 

The availability of target molecules to the microorganisms relies on water quantity in the 

treatment matrix. Optimal water content for aerobic bioremediation treatment matrix is usually 

between 10% and 20% by mass (Ubani et al., 2013). If the soil water holding capacity ranges 

from 30% to 90%, biodegradation rates are usually low because of waterlogging (Ubani et al., 

2013); waterlogging aids anoxic conditions, thereby decrease aerobic bioremediation efficacy. 
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2.9 Physical and Chemical Characteristics of PAHs. 
 

PAHs characteristics rely on molecular sizes such as several benzene rings and molecular 

build-up, which is the shape of ring links. An increase in the benzene rings and angularity of a 

PAH molecule marks an increase in hydrophobicity and electrochemical stability (Kanaly & 

Harayama, 2000). The high molecular weight (HMW) PAHs are compounds with four or more 

bonded benzene rings, while the low molecular weight (LMW) compounds comprise two to 

three bonded benzene rings (Bezza, 2016). The high molecular weight (HMW) PAHs are less 

water-soluble, less volatile, and more lipophilic than lower molecular weight (LMW) PAHs 

(Edokpayi et al., 2016). The molecular strength and hydrophobicity of PAHs are two principal 

influences, which gives rise to HMW PAHs tenacity in the environment (Kanaly & Harayama, 

2000). 

2.10 Safe Disposal and Treatment of Huge Quantity of Crude Oil Sludge 
 

The effect of crude oil waste sludge in the environment gave rise to the search for safe disposal 

and treatment of a vast quantity of oil sludge generated during crude oil processing. These are 

some of the significant challenges faced by oil refineries and petrochemical industries 

(Srinivasarao-Naik et al., 2011; Ubani, 2012). In past years, conventional methods such as 

physical, chemical, as well as bioremediation techniques and the combinations of different 

techniques have been employed in many studies to treat crude oil sludge and other hydrophobic 

organic compounds contaminated soil and groundwater (Lim et al., 2016; Koshlaf & Ball, 

2017; Ubani & Atagana, 2018). However, the use of these methods have not been conclusive; 

as each technique has its challenges such as expensive equipment and high-energy 

requirements, generation of toxic by-products that may need further treatment before disposal, 

and lack of available land space for landfill disposal (Liu et al.,  2010; Das & Chandran, 2011; 

Ubani & Atagana, 2018). On the other hand, besides the lack of land space, landfilling emit 
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volatile organic compounds, also face challenges such as managing leachates, air pollution, 

exposure of humans and animals to hazards of crude oil sludge (Liu et al., 2010; Srinivasarao 

Naik et al., 2011; Ubani & Atagana, 2018). Nevertheless, of all the methods, bioremediation, 

which is the use of microorganisms for the degradation of crude oil sludge (Ibuot & Bajhaiya, 

2013), stands out as the most environmentally friendly option (Das & Chandran, 2011; Chemlal 

et al., 2012; Ubani & Atagana, 2018). Thus,  bioremediation if a large population of 

microorganisms that possess the appropriate degrading capabilities is present, and the 

conditions are favourable as well as adequate for their growth and activities (Das & Chandran, 

2011; Chemlal et al., 2012; Ambrazaitienė et al., 2013; Liu et al., 2014; Ubani & Atagana, 

2018).    

Thus, bioremediation techniques are scientifically intense procedures, which must be tailored 

to specific site conditions (Boopathy, 2000; Azubuike et al., 2016; Abatenh et al., 2017).  For 

example, composting as a promising treatment technique for environmental contaminants that 

depends wholly on activities of diverse and successive microbial populations combining the 

action of both mesophilic and thermophilic organisms, under carefully controlled parameters, 

a mixture of nutrients and rich organic materials to improve bioremediation of contaminants 

(Mani & Kumar, 2014; Ofoegbu, 2015; Huhe et al., 2017). In such a system, diverse microbes 

are involved in the composting process, the resultant microbial activities thereof generating 

high temperatures, which increases the solubility of contaminants and thus inducing microbial 

co-metabolic activity (Huhe et al., 2017).   As the composting proceeds to maturity, the 

pollutants are degraded, digested, metabolized, and transformed into humus and inert products 

by the active microflora within the compost mixture (Singh & Subhash, 2014; Vanishree, 2014; 

Ayangbenro, 2017; Ren et al., 2018).  These features have made composting potentially 

exciting and stand out as an advantage among other bioremediation methods in treating 

contaminants. The essential aspects in composting are a large number of organic substrates for 
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co-metabolism, aeration, moisture content, and high temperature generated during composting 

by microbial activities in the compost aid to the degradation of contaminants (Nandal et al., 

2015; Sarika Saxena, 2015; Adams et al., 2016; Okafor & Nwankwegu, 2016; Yuniati, 2018). 

At the same time, the temperature range in a compost pile determines the presence of 

mesophilic or thermophilic organisms at the time and the amount of activity, including 

substrate co-metabolism. Even though there is need for increased temperature in the 

composting, it can cause enzymes denaturing, which is a limiting factor to the degradation of 

target contaminants. Therefore, it is essential that temperature and other factors such as 

aeration, nutrients, pH, moisture, and microbial activities, which influence the degradation of 

contaminants, be appropriately managed to achieve optimal oil sludge degradation. In any case, 

composting could be an ex-situ or in situ process, and when compared with other methods, the 

composted material and co-composting as a bioremediation technique may promote soil 

stability and re-use. The main advantage of composting is waste stabilization and the biological 

conversion of organic wastes into stable inorganic compounds. These stable inorganic forms 

may cause little or no pollution if discharged onto the environment (Irshad et al., 2013; Anwar 

et al., 2018).  Therefore, bioremediation via composting can be considered an economically 

sound and natural process that degrades organic contaminants into harmless compounds such 

as CO2 and water (Anwar et al., 2018). 

Furthermore, it is less disruptive to the environment (Okafor & Nwankwegu, 2016). It could 

degrade waste permanently, help reduce the environmental effect of waste. The composting 

process can be combined with other physical or chemical methods to achieve a better treatment 

outcome (Wang et al., 2016).  

While there are other studies of hydrocarbon biodegradation experiments, particularly those of 

weathered contamination of crude oil (Koshlaf & Ball, 2017; Ren et al., 2018; Yuniati, 2018; 

Sakshi et al., 2019), it should be noted that crude oil waste sludge has been reported to be 
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inhibitory to microbial growth and not amenable to biodegradation (Sherry et al., 2014), 

particularly with the content of high molecular weight polycyclic aromatic hydrocarbons 

(HMW-PAHs), they are highly recalcitrant under normal conditions (Ibuot & Bajhaiya, 2013). 

Their recalcitrance is attributed to their stable molecular bonds, high molecular weights, 

hydrophobicity, and relatively low water solubility (Liu et al., 2011). However, there is an 

indication of the effects of the composting approach used on crude oil sludge. This is because 

the use of composting for the treatment of contaminants is usually a tailored technique that 

relies on activities of diverse and adapted successive microbial populations combining the 

action of both mesophilic as well as thermophilic organisms, which involve a carefully 

controlled parameter, nutrients, and organic materials to improve bioremediation of 

contaminants (Jain et al., 2011; Dadrasnia & Agamuthu, 2013; Pelaez et al., 2013). Thus, 

composting is unique and demonstrates that crude oil waste sludge can be treated to achieve 

elevated degradation levels. As such, composting has been established to enhance crude oil 

waste sludge degradation.  

However, biodegradation of crude oil sludge and its components may also depend on 

bioavailability as biological parameters. The bioavailability of oil sludge components to 

microorganisms for degradation is an essential function of phase solubility and solution 

transport processes. The ability of oil sludge to be solubilized and transported into microbial 

cells capable of metabolizing them is potentially the rate-limiting step in biodegradation. The 

complex, hydrophobic, and lower aqueous solubility nature of oil sludge have resulted in their 

degradation been slow, and bioavailability declines during degradation processes. As such, oil 

sludge may not serve as the sole source of carbon and energy for some soil microbes. This is 

the most critical limiting factor in the degradation of oil sludge contaminated soil (Sánchez-

Trujillo et al., 2013). Hence, bioremediation of oil sludge in soil-water systems depends 

strongly on factors such as desorption rates, the subsequent containment by bulk aqueous 
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phase, and the bioavailability of oil sludge components to be used as substrates by 

microorganisms. 

2.11 Bioavailability of PAHs in Oil Sludge 
 

Bioavailability is the fraction of contaminants in the soil that can be utilized or transformed by 

microorganisms (Semple et al., 2003). Thus, the bioavailability of chemical compounds is 

determined by the mass transfer rate relative to the microbial cell's intrinsic activity. However, 

increased microbial conversion capacities do not lead to higher biotransformation rates when 

the mass transfer is the limiting factor (Semple et al., 2003). Consequently, the higher the 

compound's hydrophobicity, the greater their persistence in the environment, with lethal, many 

a time irreversible effects on environmental health. The persistence of an organic contaminant 

is not only due to its intrinsic molecular property, but it is much more because of environmental 

microhabitats that affect both the mass transfer of the xenobiotic to the microorganism and its 

degradative activity (Andreoni & Gianfreda, 2007). Therefore, microbial degradation of PAHs 

depends on the rate of mass transfer to the cell, the rate of uptake, and the microorganisms' 

metabolism (Semple et al., 2003). According to Mohan et al., (2006), their report showed that 

PAH bioavailability is limited by hydrophobicity and intense sorption/sequestration in 

micropores or organic matter, irregular fused of pollutants and microorganisms, and then the 

impedance of substrate diffusion by the soil matrix. 

2.12 Factors that affect PAH Bioavailability to Microorganisms 
 

Factors that affect PAH bioavailability may be (a) physical and chemical properties of PAHs, 

(b) Soil properties (soil organic matter, dissolved organic matter, and moisture content), as well 

as (c) aging of PAHs in the soil.  
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2.12.1 Effects of Physicochemical Properties of PAHs on Bioavailability to 
Microorganisms 
 

The bioavailability of organic compounds is controlled by several physical-chemical processes 

such as sorption and desorption, diffusion, and dissolution (Semple et al., 2003). Oil sludge 

and its constituents, including PAHs, are low in aqueous solubility, which stands against their 

bioavailability and microbial utilization (Johnsen et al., 2005).  Their bioavailability (PAHs) is 

commonly equated with the amount of PAH that can be desorbed relatively rapidly from a 

solid-phase or non-aqueous partition to the aqueous phase the compound can be accessed by 

indigenous PAH-degrading bacteria (Richardson & Aitken, 2011). As a result of their 

hydrophobicity, PAHs sorbed onto the humic and fulvic acids in wet soils and on mineral 

surfaces, such as clay, in dry soils with aluminum and iron, by redox reactions, can form PAH 

radicals that then undergo polymerization (Husain, 2008). Soil organic matter and other natural 

and anthropogenic domains such as residual coal tar, pitch, coke, soot, coal, and lampblack 

have been identified as essential reservoirs for PAH sorption in soils. They tend to exhibit 

significantly lower PAH availability than mineral particles (Richardson & Aitken, 2011).  

Therefore, PAHs bioavailability is influenced by molecular structure and size. Low molecular 

weight PAHs are removed faster by physicochemical and biological processes due to their 

higher solubility, volatility, and many microorganisms' ability to use them as sole carbon 

sources than the high molecular weight PAHs (Obafemi et al., 2018).  

 

2.12.2 Effects of Soil or Sediment Properties and Aging on PAHs Bioavailability 
 

The process affecting the bioavailability of organic compounds in the soil is aging. By 

increasing contact time, organic compounds become desorption-resistant due to the slow 

diffusion of organic compounds within reliable organic matter components, the entrapment 
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within nanopores in soil aggregates, and strong bonds between organic compounds and the soil 

(Li et al., 2008). This process limits PAH's release into the bulk liquid phase, making them 

inaccessible by microorganisms, thereby decreasing their bioavailability and biodegradation 

rates (Mohan et al., 2006). Thus, the biodegradation potential of hydrocarbons is determined 

by their chemical composition, the biological and physicochemical characteristics of the soil 

matrix (Betancur-Galvis et al., 2006). One of the difficulties faced with removing PAHs from 

the soil is that they exhibit low aqueous solubilities coupled with a robust sorptive capacity to 

mineral surfaces like in clays and organic matter in the soil matrix and other soil constituents 

(Elliot et al., 2011). The greater the surface area and cation exchange capacity, the greater the 

PAH molecules' adsorption. Soil moisture, temperature, and pH all affect PAHs adsorption 

characteristics (Providenti et al., 1993; Elliot et al., 2011), and this sorption capacity many a 

time renders PAH contaminants challenging to remove by thermal, physical, or chemical 

means. Due to this sorption of PAHs to soil organic matter and sediment particle surfaces, their 

mobility and availability to microorganisms decrease, and mass transfer to the aqueous phase 

becomes a rate-limiting step (Asquith et al., 2012). 

 

2.13 Strategies to Enhance PAH Bioremediation Efficiency 
 

Therefore, enhanced bioremediation is a scientifically intensive procedure, which must be 

tailored to the site-specific conditions with various pollutant-degrading organisms or the 

provision of amendments to exploit the soil’s existing natural degradative capacity of the 

indigenous microflora (Megharaj et al., 2011). Therefore, in engineered bioremediation, 

attempts are made to speed-up the naturally occurring biodegradation by customizing local 

environmental conditions either by (a) bioaugmentation, in which microbes are added, or by 

(b) biostimulation, providing or maintaining the favourable conditions for growth and activity 
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of soil microorganisms (Borah & Yadav, 2017). To enhance PAH bioremediation efficiency, 

manipulations of the environmental, bacterial, and PAH related factors are essential. These 

manipulations could be achieved by (a) improving the degradable capacity of soil microbial 

habitat and environmental conditions through nutrient additions, tillage, liming, (b) promote 

microbial functional groups capable of degrading PAHs, (c) increasing the bioavailability of 

the PAHs. 

Hence, a new strategy and technology to degrade crude oil waste sludge residues are required. 

These contaminants of high molecular weights PAHs and TPH require increasing their 

solubility and bioavailability from the solid matrix (Hossain & Rahman, 2014).  In this case, 

the production and addition of biological surfactants in microbial biodegradation of crude oil 

sludge may enhance their solubility, bioavailability, mobility, and biodegradation rates 

contaminant in both soil and sediments. 

2.14 Biosurfactants 
 

Biosurfactants are structured and a diverse group of surface-active molecules synthesized by 

microorganisms. They are classified by their chemical structure and their microbial origin. 

Biosurfactants are made up of a hydrophilic moiety, comprising an acid, peptide cations, 

anions, mono-, di- or polysaccharides, and a hydrophobic moiety of unsaturated or saturated 

hydrocarbon chains of fatty acids. Their structures confer a wide range of properties, such as 

the ability to lower surface and interfacial tension of liquids and to form micelles and 

microemulsions between two different phases. Biosurfactants reduce surface and interfacial 

tensions in both aqueous and hydrocarbon mixtures in a molecule form. This makes them 

essential agents for enhancing the effective uptake and bioavailability of PAHs to 

microorganisms, biodegradation, and oil recovery (Bayoumi, 2009; Bueno-Montes et al., 2011; 

Liu et al., 2011). Microorganisms possess the ability to biosynthesize biosurfactants and grow 
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on immiscible carbon sources, such as hydrocarbons (Banat et al., 2010). Biosurfactants also 

possess several advantages over chemical surfactants. This numerous ability includes lower 

toxicity, higher biodegradability, better environmental compatibility, higher foaming, high 

selectivity, and specific activity at extreme temperatures, pH, and salinity; they also possess 

the ability to be synthesized from renewable feedstocks (Manali & Shah, 2017).  Given these 

properties, they have steadily gained increased significance in industrial and environmental 

applications such as bioremediation, soil washing, enhanced oil recovery, and other general oil 

processing and related industries (Banat et al., 2010). In addition, there are many commercial 

applications of biosurfactants in several other industries such as paint, cosmetics, textile, 

detergent, agrochemical, food, and pharmaceutical industries (Banat et al., 2010; Thavasi et al., 

2011). Biosurfactants can be divided into two classes (Lin, 1996; Neu, 1996): low-molecular-

weight compounds called biosurfactants, such as lipopeptides, glycolipids, proteins, and high-

molecular-weight polymers of polysaccharides, lipopolysaccharides proteins or lipoproteins 

called bioemulsans or emulsifiers. The most studied low molecular weight biosurfactants are 

glycolipids and lipopeptides (Banat et al., 2010). 

2.14.1 Glycolipids 
 

Glycolipids are commonly studied because of their high production yield and high application 

potential (Banat et al., 2010). These compounds are formed by different types of mono, di-, tri- 

and tetra-saccharide carbohydrates in combination with hydrophobic fractions of one or more 

long-chain fatty acids or hydroxyl fatty acids (Banat et al., 2010; Cortés-Sánchez et al., 2013). 

Glycolipids are the rhamnolipids, sophorolipids, trehalolipids, and mannosylerythritol lipids. 

2.14.2 Lipopeptides 
 

Lipopeptides are low molecular weight biosurfactants with excellent interfacial and biological 

activity (Banat et al., 2010). Lipopeptides are produced by Bacillus spp. such as Bacillus 
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subtilis, and B. licheniformis also by B. polymyxa, Pseudomonas sp., Streptomyces sp., 

Aspergillus sp., Serratia sp., and Actinoplanes sp. (Liu et al., 2015). Lipopeptides are fatty acid 

tails linked to a peptide moiety and correspond to a group of isoforms that differ by the 

composition of the peptide moiety, the length of the fatty acid chain, and the link between the 

two parts. Lipopeptides are classified as cyclic lipopeptides and linear ones based on their 

chemical structures (Liu et al., 2015). Many researchers have studied lipopeptides such as 

surfactin, iturin, fengycin, and lichenysin, including viscosin, tensin, arthrofactin, 

pseudofactin, and syringomycin, which are produced by Pseudomonas sp. isolates.  

Lipopeptide biosurfactants are characterized by their low critical micelle concentration (CMC) 

and various functional properties such as emulsification /de-emulsification, dispersing, 

foaming, viscosity reducers, solubilizing and mobilizing agents as well as pore-forming 

capacity permitting their use in many areas (Mnif & Ghribi, 2015).  

2.15 Influence of biosurfactants on the bioavailability and subsequent degradation of 
PAHs 
 

Production of biosurfactants by bacteria is an essential microbial strategy that influences 

hydrophobic chemicals’ bioavailability by changing bacterial cells' surface properties or 

dissolving and emulsifying these non-hydrophilic hydrocarbons. The biosurfactant's 

application in the remediation of hydrocarbons aims to increase their bioavailability. This is 

known as enhanced bioremediation by biosurfactants or removing contaminants by 

pseudosolubilisation and emulsification. (Banat et al., 2010). Biosurfactants can be enhanced 

hydrocarbon bioavailability in two mechanisms. One is to increase substrate bioavailability for 

microorganisms, while the second one involves the interaction with the cell surface that 

increases the hydrophobicity of the surface, allowing hydrophobic substrates to associate more 

readily with bacterial cells (Gibbs et al., 2004). The addition of biosurfactants can be expected 

to enhance hydrocarbon bioavailability by mobilization, solubilization, or emulsification 
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(Pacwa-Płociniczak et al., 2011). The enzymes need to undergo three different PAH microbial 

metabolism steps to occur effectively using hydrocarbon-degrading enzymes. The first is 

bacterial access to the target compounds, which means the hydrocarbons need to be dissolved 

in the aqueous phase, or bacteria must directly adhere to the hydrocarbons.  Secondly, 

hydrocarbons need to be adsorbed on the cell's surface and transported across the membrane 

into the interior of the microorganism. Thirdly, hydrocarbons are degraded in the presence of 

enzymes (Yiming et al., 2017). However, hydrocarbon metabolism is restricted to 

water/hydrocarbon interfaces since the oxygenases involved in their catabolic pathways are 

never extracellular but always membrane-bound enzymes (Banat et al., 2010; Pacwa-

Płociniczak et al., 2011). 

2.16 Mobilization Mechanism and Micellar Solubilisation of PAHs 
 

Mobilization could occur as a displacement or dispersion mechanism. A displacement 

mechanism is the release of hydrocarbon droplets from porous media due to reduced interfacial 

tension. This means that an entrapped hydrocarbon will undergo displacement if the interfacial 

tension between the aqueous and hydrocarbon phase is reduced sufficiently to overcome the 

capillary forces that caused residual saturation (De Almeida et al., 2016; Freitas et al., 2016). 

In contrast, the dispersion mechanism dissolves hydrocarbon into the aqueous phase as small 

emulsions. The dispersion mechanism is also interconnected with interfacial tension and 

surfactant concentration, and it is different from the displacement mechanism because the 

displacement process applies to the interfacial tension between aqueous and hydrocarbon 

phases without the formation of emulsion (De Almeida et al., 2016). However, mobilization 

occurs at concentrations below the biosurfactant CMC, such that above the biosurfactant CMC 

solubilization process occurs, and at these concentrations, biosurfactant molecules associate to 

form micelles, which increases the solubility of PAH. The incorporation of these molecules 
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into a micelle is known as pseudosolubilization (Urum & Pekdemir, 2004). According to Banat 

et al. (2010), the addition of rhamnolipids above CMC improved the apparent aqueous 

solubility of hexadecane, favoured biodegradation of hexadecane, octadecane, n-paraffins, 

creosotes as well as other hydrocarbon constituents in soil, and promoted petroleum sludge 

bioremediation. Therefore, biosurfactant concentrations below or above the CMC is essential 

for the solubilization process to take place and form micelles, which increases the solubility of 

PAH. 

2.17 Emulsification of Non-Aqueous Phase Liquid (NAPL) Pollutant 
 

Emulsification is the process of mixing two incompatible liquids such that they are broken 

down into tiny droplets. The process provides a larger surface area for substrate mass transfer. 

Biosurfactants act as emulsifiers that decrease the interfacial tension between an aqueous and 

a non-aqueous phase. They increase oil and water interfaces enhancing substrate mass transfer 

and allowing more microorganisms to contact the hydrocarbon substrates. This may lead to the 

formation of micro-emulsions or the formation of macro-emulsions that increases the contact 

area, enabling improved mass transport of the pollutant to the aqueous phase and in the 

mobilization of sorbed liquid-phase pollutant. High-molecular-weight biosurfactants have a 

great potential in stabilizing emulsions between liquid hydrocarbons and water and increasing 

the surface area available for bacterial biodegradation (Banat et al., 2010). 

2.18 Biosurfactant Induced Cell Surface Hydrophobicity 
 

Cell surface hydrophobicity is a crucial factor in microbial adhesion to bioremediation 

interfaces (Liu et al., 2014). Ewa & Olszanowski, (2011) reported that biosurfactants could 

adsorb onto bacterial cells and change the cell surface hydrophobicity or increase the 

membrane permeabilization.  In addition, Chen & Zhu, (2005) reported that 
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lipopolysaccharides were released on the hydrophobic cell surface of P. aeruginosa after 

induced with rhamnolipid (Tahhan et al., 2011).  This induced modification approach at 

concentrations below the CMC makes the application of biosurfactants economically possible 

as it may enhance the affinity of the degrading microbial cells to the hydrophobic organic 

contaminants and their metabolism (Neu, 1996; Kabelitz et al., 2009; Cortés-Sánchez et al., 

2013). At the same time, the sorption of surfactants to bacteria and interfaces might boost or 

impede adhesion, which depends on the nature of the surfaces and the surfactant itself (Banat 

et al., 2010). Some strains have hydrophobic cell surfaces that may increase or decrease their 

cell hydrophobicity by exposing outwardly or inwardly the cell-bound biosurfactant's 

hydrophobic moieties (Banat et al., 2010). For instance, the cell-surface hydrophobicity of A. 

lwoffii Acinetobacter RAG-1 strain that produces cell-bound biosurfactant showed a reduction 

of their hydrophobicity due to biosurfactant addition. At the same time, the cell surface 

hydrophobicity increased more on the biosurfactant producing strain than on a non-

biosurfactant producing strain during their growth on hexadecane. The rhamnolipids also 

increased the hexadecane's solubility from 1.8 to 22.8 mg/L.  

However, uptake mechanisms are complicated and maybe strain or biosurfactant specific 

(Singh et al., 2015). As reported by Noordman & Janssen, (2002), the mechanisms of uptake 

of hexadecane by Acinetobacter calcoaceticus RAG1, Rhodococcus erythropolis ATCC 19558, 

and R. erythropolis BCG112 appeared to be different from that of Pseudomonas aeruginosa 

UG2.6. Rhamnolipid biosurfactant stimulated degradation of hexadecane by P. aeruginosa 

UG2, the rhamnolipid-producing organism, but did not promote biodegradation by other 

biosurfactant-producing strains, A. calcoaceticus RAG1, R. erythropolis ATCC 19558, or R. 

erythropolis BCG112. Hence, cell surface hydrophobicity is an essential property of 

microorganisms that affects various bioprocesses efficiency, such as cell-to-cell interaction and 
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adherence of bacteria to hydrophobic organic compounds. This is one of the crucial factors in 

microbial adhesion to bioremediation interfaces.   

2.19 Biosurfactant Production 
 

Biosurfactants are produced by several microorganisms, including Acinetobacter sp., Bacillus 

sp, Candida Antarctica, Pseudomonas aeruginosa, and the functional role of biosurfactant 

production in microorganisms include antimicrobial activity and the capability to metabolize 

substrates for uptake by the cells in adverse environmental conditions. Biosurfactants are 

classified based on their molecular weight and chemical composition. Some advantages of 

biosurfactants are biodegradability, low toxicity, better surface, and interfacial activity, while 

some of its limitations are the inability to scale up the production process and patent rights. 

Factors influencing biosurfactant production are the nature of the carbon source, nitrogen 

source, the C: N ratio, temperature, aeration, and pH. 

2.20 Factors Influencing Biosurfactant Production 
 

The composition of the carbon source influenced the type, quality, and quantity of biosurfactant 

produced, the concentration of nitrogen, phosphorus, magnesium, ferric, and manganese ions 

in the culture medium, and conditions of the culture such as pH, temperature, agitation rate, 

and oxygen availability; the nature of the selected microorganism; and, the adopted 

fermentation strategies (Banat et al., 2010). 

2.20.1 Biosynthesis of Biosurfactants 
 

The synthesis of biosurfactants molecules occurs starting from the beginning of the pathway 

or assembled from substrates (Sarafin et al., 2014).  In the biosurfactant, amphipathic structure, 

the hydrophobic moiety is either long-chain fatty acid, a hydroxy fatty acid, or an α-alkyl-β-

hydroxy fatty acid, while the hydrophilic moiety may be a carbohydrate, carboxylic acid, 
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phosphate, amino acid, a cyclic peptide, or alcohol (Kadhim, 2006). There are four possible 

ways by which the different moieties of biosurfactants and their linkage could be synthesized: 

(i) two independent pathways synthesized the hydrophilic and hydrophobic moieties (ii) the 

hydrophilic moiety is synthesized, while the synthesis of the hydrophobic moiety utilizes a pre-

existing substrate; (iii) the hydrophobic moiety is synthesized, while the synthesis of the 

hydrophilic moiety is substrate-dependent; and then (iv) the hydrophobic and hydrophilic 

moieties synthesis formed from pre-existing substrates (Kadhim, 2006).  

For these mechanisms to work in a system, it is crucial to design growth media and growth 

conditions for large-scale production and the induction of biosynthetic pathways by the 

addition of precursor molecules. Several studies have aimed at optimizing the production of 

biosurfactants by altering the variables that affect the type and production of biosurfactants by 

a microorganism (Dinamarco et al., 2012). The production of metabolites is governed by 

several factors: (1) the nature of the carbon source; (2) the quantity of nitrogen and multivalent 

ions in the media; (3) culture conditions like pH,  temperature,  agitation rate, and oxygen 

availability;  (4) the nature of the selected microorganism; and, the adopted fermentation 

strategies (Sarachat et al., 2010). 

2.20.2 Fermentative Biosurfactant Production 
 

The fermentation process is the most important factor that controls biosurfactant production as 

the raw materials justify 30 percent of the overall cost of biosurfactant production. Again, the 

production patterns or kinetics of fermentative production by different species differ and can 

be grouped into different types ( Sarachat et al., 2010; Kumar et al., 2011) 

1. Growth-associated: For growth-associated production, parallel relationships exist between 

growth, substrate utilization, and biosurfactant production, according to (Manresa et al., 1991) 
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as observed in rhamnolipid production by some Pseudomonas spp. and lipopeptide 

biosurfactant C9-BS by Bacillus subtilis C9 (Kim et al., 1997). 

2. Growth-limiting conditions: Production under growth-limiting conditions can be 

characterized by a sharp increase in the biosurfactant level because of the limitation of one or 

more medium nutrients such as nitrogen or iron. According to Kaczorek et al. (2008) and Nayak 

et al. (2009), this was observed in several Pseudomonas spp. and in Bacillus spp. when the 

culture reaches the stationary phase of growth due to the limitation of nitrogen or iron (Davis 

et al., 1999). 

3. Resting cells: When using resting or immobilized cells, the microorganisms are separated 

from the culture medium after cultivation under optimal growth conditions, and the wet 

biomass is subsequently used for the biosurfactant production.   For rhamnolipid production, 

the widely‑used fermentation strategies are production under growth‑limiting conditions and 

production by resting or immobilized cells (Nitschke et al., 2005).  

4. Precursor supplement: The addition of specific precursors in the fermentation medium 

causes both qualitative and quantitative increase in biosurfactant production. According to 

Hommel, (1990), the addition of lipophilic compounds to the culture medium of T. bombicola 

resulted in increased biosurfactant yields. Therefore, process development and fermentations 

need to be tailored based on specific cases. 

2.21 Nutritional Factors Affecting biosurfactant Production 
 

The production of biosurfactant is affected by many factors, including the nature of the carbon 

source. 
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2.21.1 Carbon Source 
 

Biosurfactants are either produced by diverse microorganisms extracellularly or attached to 

parts of the cell, mainly during their growth on water-immiscible substrates (Cortés-Sánchezet 

al., 2013). Production can be growth-related, which means extracellular, where they can either 

use the substrate's emulsification or facilitate the substrate's passage through the membrane 

that is cell membrane-associated. Biosurfactants, however, are also produced from very soluble 

carbohydrates (Gibbs et al., 2004). Both water-soluble and water-insoluble sources have been 

utilized to produce biosurfactants by Pseudomonas spp (Banat et al., 2010; Soberón-chávez et 

al., 2010). Biosurfactant product, however, was inferior compared to that obtained with water-

immiscible substrates such as n- alkanes and olive-oil (Syldatk et al., 1985). 

Vegetable oils as hydrophobic carbon sources are especially active at promoting the 

rhamnolipids production (RLs). Rhamnolipids are usually produced by P. aeruginosa also in 

media containing water-soluble carbon sources such as glucose, glycerol, mannitol, and ethanol 

as a carbon source, remarkably, when the cells become limited for nitrogen (Guerra-Santos et 

al., 1986), indicating that they may serve other roles besides being involved in solubilizing 

hydrophobic substrates; nevertheless, the final surfactant concentration was lower than that 

obtained when n-alkanes and vegetable oils were the carbon sources (Pantazaki et al., 2011). 

When Arthrobacter paraffin ATCC 19558 was grown on D-glucose, supplementation with 

hexadecane in the medium during the stationary growth phase resulted in a significant increase 

biosurfactant yield (Hommel, 1990). Many other reports had shown little biosurfactant 

production when cells were growing on a readily available carbon source, instead only when 

all the soluble carbon was consumed and when water-immiscible hydrocarbon was available 

was biosurfactant production triggered (Desai & Banat, 1997). Sim et al. (1997) tested a 

mixture of vegetable oils (canola oil, soybean, and glucose) for rhamnolipid production by P. 
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aeruginosa UW-1 and reported a 10-12-fold increase in rhamnolipid production on vegetable 

oils in comparison to glucose.  

Although there is also the possibility of producing biosurfactants in the presence of water-

soluble carbon sources, numerous studies showed that higher production yields are obtained 

when hydrophobic substrates are added. Many reports have shown the significance of 

combining a water-insoluble substrate with carbohydrate in the culture medium. A low yield 

was found when only glucose or vegetable oil was used to produce a biosurfactant by T. 

bombicola, but the yield increased to 70 g/L when both carbon sources were provided together 

(Cooper & Paddock, 1984). 

Biosurfactant production regulation is controlled by three main mechanisms: induction, 

repression, and nitrogen and multivalent ions (Desai & Banat, 1997). Induction of biosurfactant 

synthesis can be achieved by adding long-chain fatty acids, hydrocarbons, or glycerides to the 

growth medium (Tulloch et al., 1962), such as the induction of glycolipid in P. aeruginosa by 

addition of alkanes. Such a mechanism appears to be the primary regulatory mechanism used 

to control most lipopeptide biosurfactants (Desai & Banat, 1997). The repressive effect has 

been noted upon the addition of D-glucose, acetate, or tricarboxylic acids (Desai & Banat, 

1997). Nitrogen- or metal ion-dependent regulation also played a prominent role in 

biosurfactant synthesis. Ultimately, the limitation of multivalent cations causes biosurfactants 

overproduction (Desai & Banat, 1997; Itoh et al., 2014). 

2.21.2 Nitrogen, Minerals, and Iron Sources 
 

Medium constituents other than carbon sources also affect biosurfactants production (Ilori et 

al., 2005). Nitrogen is essential in biosurfactant production medium because it is essential for 

microbial growth as protein and enzyme syntheses depend on it. Different nitrogen compounds 

have been used to produce biosurfactants, such as urea, peptone, yeast extract, ammonium 
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sulphate, ammonium nitrate, sodium nitrate, meat extract and malt extract, and many more. 

Yeast extract is a nitrogen source for biosurfactant production, but its concentration depends 

on the culture medium and microorganism (Zarur Coelho et al., 2010). 

Nitrogen can be of great significance to the regulation of biosurfactant synthesis, and there is 

evidence to show that the roles nitrogen plays are vital in the production of surface-active 

compounds by microbes (Makkar & Cameotra, 2002). Among the inorganic salts tested, 

ammonium salts and urea were preferred to nitrogen sources for biosurfactant production by 

Arthrobacter paraffins (Hommel, 1994), whereas for overproduction of rhamnose lipids by P. 

aeruginosa, the highest yield is obtained if nitrate is used rather than ammonium as a nitrogen 

source (Wu et al., 2008; Yanqun et al., 2008; Zhao et al., 2009). 

Soberón-chávez et al. (2010), and Ahmad M. Abdel-Mawgoud et al. (2018) reported that not 

only the type of carbon and nitrogen source is necessary, but also the respective C/N ratios 

strongly influence total rhamnolipid biosurfactant productivity. In fermentative processes, the 

C/N ratio affects the build-up of metabolites. High C/N ratios such as low nitrogen levels limit 

bacterial growth, favoring cell metabolism towards metabolites. production  

On the other hand, excessive nitrogen leads to cellular material synthesis and limits product 

build-up (De Almeida et al., 2016; Freitas et al., 2016). Guerra-Santos et al. (1986), stated that 

for P. aeruginosa DSM 2569 (at the temperature of 37 °C, pH level of 6.5, glucose, and nitrate), 

C/N ratios ranges of 16/1 to 18/1 might lead to highest RL productivity while at C/N ratios 

lower than 11/1, no RLs could be observed. Maier & Soberón-Chávez (2000) and Benincasa 

et al. (2002) reported that high production of rhamnolipids was achieved when Pseudomonas 

aeruginosa IFO 3924 was cultivated under nitrogen‑limiting conditions at the carbon to 

nitrogen (C/N) ratio of 18/1. Pornsunthorntawee et al. (2010), Sarachat et al. (2010), and Bezza 

(2016) found that a C/N ratio of 60/1 caused the overproduction of rhamnolipids by 
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Pseudomonas aeruginosa PA1.47. These results suggest that the effect of the C/N ratio on the 

rhamnolipid production depends on the bacterial strains (Pornsunthorntawee et al., 2010; 

Sarachat et al., 2010). 

Many reports have shown that the limitation of multivalent ions and nitrogen can cause 

rhamnolipid's overproduction. It was reported that the rhamnolipid production by 

Pseudomonas aeruginosa DSM2659 was promoted as the iron concentration in the culture 

media was reduced (Guerra-Santos et al., 1986). Gibbs et al. (2004) reported that an inorganic 

phosphate‑limited medium provided the best yield of rhamnolipid production by Pseudomonas 

aeruginosa ATCC 9027. Desai & Banat (1997)  and Bezza (2016) observed that nitrate is the 

highest source of nitrogen for biosurfactant production by Pseudomonas sp. strain 44T1 and 

Rhodococcus sp. strain ST- 5 growing on olive oil and paraffin. The production started after 

30 hr of growth when the culture reached nitrogen limitation and increased to 58 hr of 

fermentation. Production under growth-limiting conditions was observed in Bacillus spp. when 

the culture reaches the stationary phase of growth due to nitrogen limitation (Davis et al., 1999). 

Maier & Soberón-Chávez, (2000), and Soberón-chávez et al. (2010), reported that elevated 

C/N and C/P ratios promote rhamnolipids production, while high concentrations of divalent 

cations, especially iron, are inhibitory. 

Again, according to Persson et al., (1990) limitation of iron stimulates biosurfactant production 

in P. fluorescens and P.aeruginosa (Guerra-Santos et al., 1986), whereas the addition of iron 

and manganese salts stimulates biosurfactant production in both B. subtilis (Cooper & 

Goldenberg, 1987) and Rhodococcus sp. (Bezza, 2016). The type of nitrogen source is crucial 

to cell growth and rhamnolipid production. It was reported that sodium nitrate (NaNO3) was 

the most efficient nitrogen source for the rhamnolipid production by Pseudomonas aeruginosa 

EM1 in terms of rhamnolipid yields; however, using urea and yeast extract, organic 

compounds, as nitrogen sources provided better cell growth (Yanqun et al., 2008; Wu et al., 
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2008). It was reported that the organic nitrogen source could promote cell growth, but it is 

unfavorable to produce glycolipid biosurfactant (Pornsunthorntawee et al., 2010; Sarachat et 

al., 2010). 

2.22 Environmental Factors 
 

Environmental factors and growth conditions, including pH values, temperature range, 

agitation, and oxygen availability, influence biosurfactant production via their effects on 

cellular growth or activity (Desai & Banat, 1997). According to Guerra-Santos et al. (1986), 

production of rhamnolipid in Pseudomonas spp. was at its maximum at a pH range from 6 to 

6.5 and decreased sharply above pH 7. While rhamnolipid formation with glycerol as the sole 

carbon source showed a wide optimum ranging from 27°C up to 37°C, the production of 

rhamnolipids from n-alkanes had a sharp optimum at 37°C (Syldatk et al., 1985). Furthermore, 

aeration and agitation rates are significant factors that influence biosurfactants production since 

they enable oxygen transfer from the gas phase into the aqueous phase and may be linked to 

the microbial emulsifier's physiological function. It was suggested that emulsifier production 

could enhance water-insoluble substrates solubilization and facilitate nutrient transport to 

microorganisms. According to Wei et al. (2005), the rhamnolipid production by Pseudomonas 

aeruginosa J4 increased by about 80% when the agitation rate increased from 50 to 200 rpm. 

Further increased agitation rate above 200 rpm decreased the transfer efficiency of oxygen gas 

into the liquid medium, leading to unsuitable conditions for the biosurfactant production.  

2.23 Challenges Faced by Oil Refineries and Petrochemical Industries in the 
Treatment of Huge Quantity of Refinery Waste Sludge 
 

Despite decades of research, as well as many proposed and used technologies, safe disposal 

and treatment of vast quantities of refinery waste sludge encountered during crude oil refining 

and cleaning of oil storage vessels as well as oil spills remain the significant challenges faced 
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by oil refineries and petrochemical industries (Srinivasarao-Naik et al., 2011). In recent years, 

most refineries treat oil sludge using various conventional methods such as physical treatment, 

chemical treatment (Udotong et al., 2011), and biological treatment (Mahmoud et al., 2004; 

Srinivasarao-Naik et al., 2011). Among these methods, the biological method stands out as an 

environmentally friendly option. It is a common biological approach that uses microorganisms 

to degrade oil sludge in the environment (Ubani et al., 2013; Alegbeleye et al., 2017; Kaur, 

2019). The limitation to successful biological remediation has always been attributed to the 

organisms’ poor survival and activities. The ability of the organisms to utilize the readily 

degradable substrate has been another challenge due to the low bioavailability, concentration, 

and non-biodegradability of crude oil sludge (Das & Chandran, 2011;  Chemlal et al., 2012; 

Ambrazaitienė et al., 2013; Ubani et al., 2013; Alegbeleye et al., 2017).  Given the above 

challenges, a new strategy that enhances the bacteria mineralization mechanism to degrade oil 

sludge and its components would be needful. Hence, a safe bioremediation enhanced technique 

that considers the designing, optimizing, and developing an active bacteria formulation in a 

favoured condition for growth and activities is essential.   

2.24 Active Microbial Formulation 
 

Oil sludge and oil spill need immediate and constant attention because of their adverse effect 

on the environment; therefore, it is necessary to evaluate the treatment and management of its 

contamination. This could be achieved by combining experiences acquired over the years in 

treating oil spills with the latest technology and the principles used every day.  It is also 

essential to integrate operations and a wide range of oil treatment techniques to focus on 

improving outcomes and user-friendliness. Hence, the technique must enhance the 

bioavailability of oil; then increase the biodegradation rates to achieve such is by considering 
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selecting, designing, and optimizing the capabilities of specific active metabolic bacteria in a 

formula. 

The first step would be selecting microbial populations in the formulation. Such microbial 

populations must have specific metabolic capabilities to play significant roles in converting 

hazardous organic compounds or petroleum hydrocarbons such as the PAHs to harmless 

compounds (Ubani & Atagana, 2018). In this study, they are isolated explicitly from compost 

treatment piles (Ubani & Atagana, 2018). These class of bacteria isolated from the compost 

piles have been reported in different studies to be present in soils contaminated with petroleum 

hydrocarbon (Kanaly & Harayama, 2000; Bayoumi, 2009; Simons et al., 2013), and they 

utilized hydrocarbons in such soil as their source of carbon and energy (Cooper & Goldenberg, 

1987; Bayoumi, 2009; Banat et al., 2010). Most of the bacterial strains are efficient 

biosurfactant producers on petroleum hydrocarbon medium and soil. As stated earlier, most of 

them are very stable due to their ability to form spores, enabling them to be long-lived, resistant 

to heat, and desiccation (Paidhungat et al., 2000; Jayaraj et al., 2005; Ardakani et al., 2010). 

The formed spore also monitors their environment for favourable growth conditions and 

germinates in response to nutrients termed germinants and resume vegetative growth as soon 

as they are exposed to specific germinants (Paidhungat et al., 2000). These specific bacterial 

strains are more tolerant to a high level of PAHs and could be useful in the treatment of crude 

oil sludge components, including Benzo(a)pyrene, Anthracene, Naphthalene, and 

Dibenzothiophene as the sole source of carbon energy (Leunen et al., 2002; Jacques et al., 

2005; Malik et al., 2008; Liu et al., 2010; Lily et al., 2013).  They thrive better in specific 

growth conditions such as pH and temperature. The pH of neutral is more favourable to 

bacteria, and as temperature increases, contaminants are solubilized, and microorganisms 

degrade the hydrocarbon by utilizing the PAHs as the sole source of carbon and energy 

(Alegbeleye et al., 2017).  They can also produce extracellular enzymes such as 
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polysaccharides-degrading enzymes and protease, which can catalyse a wide variety of 

synthetic reactions and utilize aromatic substrates (PAH-degradation) in the field (Leunen et 

al., 2002; Von Der Weid et al., 2003; Jayaraj et al., 2005). 

The second, would be to develop the active bacteria formulation. Several successful methods 

were used to develop bacteria formulation, and one is by bacterial cells immobilized on carrier 

materials.  The immobilization technique allows bacteria to perform better. Immobilization 

limits bacteria cells’ mobility while enhancing their viability and metabolic functions.  There 

are different immobilization techniques such as adsorption, binding on a surface (electrostatic 

or covalent), flocculation (natural or artificial), entrapment, and encapsulation. The choice of 

immobilization technique for viable bacteria is based on selected bacteria strains and their 

adsorption and electrostatically binding capability on carrier surface (Liu et al., 2015). 

According to Wei et al. (2015), immobilization of bacteria cells on carrier material was 

successful; the ability of bacteria cells to resist harsh environmental conditions was improved 

and cause a faster reaction, then higher biodegradation of pollutants. Indicating that the 

development of bacteria formulation with different carrier-based powders with microbial 

populations has been prosperous and stable because of the kind of organisms used according 

to the studies by Vidhyasekaran & Muthamilan (1999); Jayaraj et al., (2005); Ardakani et al., 

(2010); and Dzionek et al., (2016). There is no meaningful information on any individual 

carrier ingredient's negative effect on the organism's viability. If there is any, it could be due to 

the unique nature of the components used in each formulation (Jayaraj et al., 2005). The 

drawback in developing a bacteria formulation could be the carrier material’s choice. Choices 

of carrier material depend on bioremediation techniques and site-specificity. According to 

Dzionek et al. (2016), suitable carrier materials are required to be highly porous to allow 

enough space for the adsorption or binding on the surface by bacteria. They must be 

biodegradable, compatible, and, most importantly, commercially available and should support 
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bacteria immobilization. Natural carrier materials such as the corncobs powder have more 

tremendous advantages over synthetic carriers such as polymers, and perlites, because corncobs 

are perforated, allowing enough attachment space for bacteria. Corncobs also have a high 

water-holding capacity, and it can improve treatment structure, preserve, and enhance bacteria 

growth without barriers to oxygen diffusion. 

Corncobs have been used in bioaugmentation and were a suitable carrier. It can used as a 

bulking agent in the soil for aeration during bioremediation (Simons et al., 2013; Deng et al., 

2016). Corncobs have been successfully used in many studies as an immobilized carrier matrix 

(Wei et al., 2015; Deng et al., 2016). Corncobs was a suitable material for bacteria 

immobilization because of their potential for biodegradability, non-toxicity, physiology, and 

availability. It contains glucide and cellulose, a source of carbon and nutrients for bacteria to 

produce extracellular substrates such as enzymes and polysaccharides, which serves as a 

suitable cell immobilizer matrix (Xu et al., 2009; Lee et al., 2010; Jain et al., 2013). Another 

drawback in bacterial formulation development could be viability and survival time; however, 

the proposed solution has been to air-dry and lyophilized preparations. This is because the 

lowered water content supports long-term survival during storage. The dehydration phase in 

the formulation process is the most critical, especially for non-spore-forming bacteria. One of 

the significant challenges is to develop an improved formulation that provides high shelf-life, 

viable cells, protection against harsh soil and environmental condition, and convenient to use 

(Hou et al., 2013; Wei et al., 2015; M & B.D, 2017). Thus, in this study, active bacteria 

formulation focused on improving the biodegradation of crude oil sludge and effectively 

shortening biodegradation response time.  

Therefore, the development of suitable and effective formulations considered the survival and 

viability of selected microorganisms during storage at room temperature for a longer period 

(Jayaraj et al., 2005; Simons et al., 2013), a convenient user friendly as well as easy to store 
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formulations. This is because most formulations are stable under room temperature storage, 

while some may dehydrate in storage after some months (Jayaraj et al., 2005; Jayaraj et al., 

2007).  A suitable formulation may allow rational manipulation of the selected bacteria towards 

better performance. The bacteria formulation could be in a medium that contains readily 

available nutrients and favourable conditions to microorganisms. The formulations may 

include other organic and inorganic carriers, which increase stability and interaction for the 

microbial population present. These carriers may include corncob powder, vermiculite, talc-

based powder, peat-based power, bentonite-based powder, and many more (Vidhyasekaran & 

Muthamilan, 1999; Jayaraj et al., 2005; Ardakani et al., 2010; Simons et al., 2013; Wei et al., 

2015; Deng et al., 2016). The formulations with these carrier-based powders and some selected 

microbial population have been successful and stable due to the ability of most of the organisms 

to form spore (Paidhungat et al., 2000; Jayaraj et al., 2005; Xu et al., 2009; Ardakani et al., 

2010; Lee et al., 2010; Jain et al., 2013). The formulation may include other specific bacteria 

that do not form spores that protect and preserve their shelf life. However, such bacteria 

produce mycolic acids and trehalolipids that help shield their membrane hydrophobicity from 

harsh environmental conditions, and then they can solubilize and digest hydrophobic substrate, 

making them bioavailable for their growth and activities (Masy et al., 2016). As such, they 

thrive to grow by overcoming environmental stresses; in addition, they also degrade a wide 

range of polycyclic aromatic hydrocarbons (Masy et al., 2016). These kinds of bacteria isolates 

possess strong diverse enzymatic and metabolic degradation capabilities, and they can 

simultaneously bio-transform multiple hydrocarbons (LMW/HMW-PAHs) under any 

environmental condition (Brzeszcz & Kaszycki, 2018). Such bacteria include Rhodococcus sp., 

Pseudoxanthomonas sp. RN402, Burkholderia cepacia, Ochrobactrum sp. C1, Bacillus sp. 

PHA3, Pseudomonas sp. strains, Streptomyces sp. ERICPDA-1, Mycobacteria sp., 

Mycobacterium vanbaalenii PYR-1, Mycobacterium sp. AP1, Sphingomonas koreensis ASU-
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06, Acinetobacter sp., and more. The LMW and HMW aromatic molecules are their substrates' 

preference (Kuppusamy et al., 2016). There is no meaningful information on any individual 

carrier ingredient's effect on these organism's viability. As mentioned earlier, if there is any, it 

could be due to the unique nature of the components used in each formulation (Jayaraj et al., 

2005).  

In all, the active microbial formulation’s essence is to develop and make available ready-to-

apply degrading organisms maintained in a formula for crude oil sludge biodegradation. The 

formulation was designed to improve the organism's biological activities in the formula (shelf 

life/viability), and effective crude oil sludge degradation. The bacterial strains are known to 

enhance crude oil sludge degradation directly or indirectly by various mechanisms such as 

solubilization and mineralization. In our previous study (Ubani, 2012), it was suggested that a 

combination of mixed/selected bacteria strains, a consortium and combined biological 

techniques could be more effective in the degradation of crude oil sludge than a single strain 

or technique. For example, biological methods such as combined bioaugmentation and 

biostimulation process and the use of surfactants together could enhance the availability of 

contaminants to bacterial and increase degradation of crude oil sludge. Therefore, this designed 

bioremediation process considered methods to mobilize contaminants from the soil surface and 

make them available to microorganisms. 

The purpose is the formulation's ability to respond effectively to the degradation of complex 

crude oil sludge. Hence, the microbial formulation development is specially focused on 

response readiness for crude oil sludge treatment.  The motivation was in anticipation that a 

higher volume of crude oil sludge or oil spill might be treated within a short time.    Thus, using 

the right clean-up strategy is essential for prioritizing resources and getting the best results 

within a short time. The microbial formulation is an in-situ process, which may speed up the 

degradation process of crude oil sludge in the environment.  
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CHAPTER THREE 
 

Co-Composting of Crude Oil Sludge with Different Animal Manures to Raise Adapted 
Bacteria Capable of Degrading Complex Crude Oil Wastes Sludge 

 

3. Introduction 

  
Composting is an intense biological process used to treat environmental contaminants. It relies 

on the activities of diverse and adapted successive microbial populations, combining the action 

of both mesophilic and thermophilic organisms under carefully controlled parameters, a 

mixture of nutrients and rich organic materials to improve bioremediation of contaminants 

(Mani & Kumar, 2014; Ofoegbu, 2015; Huhe et al., 2017). The composting process can be 

classified into mechanical and non-mechanical processes (aerobic and anaerobic composting 

system) when using technology as the key (the classification is divided into static pile or 

windrow, and mechanical or enclosed composting). In the co-composting of material, all 

organic matter eventually decomposes under natural conditions by the organism's actions 

present. The decomposing organisms are the bacteria, protozoa, actinomycetes, fungi, and 

larger organisms such as worms, sowbugs, and nematodes (Stentiford & de Bertoldi, 2010; 

Varma, 2015). The decomposition process relies on such microorganism's actions and 

interactions that thrive in different temperature to achieve the stabilization and minimization 

of waste (Bamforth et al., 2011).  Besides, for decomposition to occur, the decomposing 

organisms need some key elements such as carbon, nitrogen, phosphorus, moisture, and oxygen 

to thrive on.  Such vital elements support their growth and activities in breakdown organic 

matter to a final product compost, a humus-like product which looks such as fertile garden soil, 

and provides vital nutrients to help both plants and microorganisms to grow (Health, 2013; 

Sreesai et al., 2013). 
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Different temperature phases characterize composting during the degradation of organic 

compounds ranging from psychrophilic at 13oC, mesophilic at 21oC to 48oC, and thermophilic 

at 45oC to 68oC (Bamforth et al., 2011). At the initial stage, the temperature can increase from 

ambient to mesophilic 13oC to 48oC. As the degradation of organic matter proceeds, 

temperature increases from mesophilic to thermophilic phase because of more heat evolving in 

the process then returning to the mesophilic phase, and the optimal organic breakdown occurs 

in the thermophilic phase (Cooperband, 2000; Stentiford & de Bertoldi, 2010). The increase in 

temperature may result in water loss from the system, causing a decrease in the decomposition 

rate and decline in the compost systems microbial population due to the high-temperature rate 

generated (Cooperband, 2000; Stentiford & de Bertoldi, 2010). This could be resolved by the 

frequent addition of water to the system. For effective composting, operational procedures are 

needed, including amendments of the organic matter and bulking agent (such as wood chips) 

for aeration of the compost pile, curing of the compost, and product utilization (Ubani, 2012).  

Composting as a bioremediation technique has been used to remediate soils contaminated with 

several organic compounds, including PAHs. Most of the studies that used composting to treat 

soils contaminated with PAHs achieved mostly the degradation of low-molecular-weight 

PAHs. Thus, to remediate contaminated sites, composting procedures are scientifically tailored 

to specific site conditions to achieve a better result (Boopathy, 2000; Azubuike et al., 2016; 

Abatenh et al., 2017).  That is the advantage of composting, a controlled biological process that 

consists of a mixture of substrates carried out by adapted, the large and successive microbial 

population of both mesophilic and thermophilic organisms (Mani & Kumar, 2014; Ofoegbu, 

2015; Huhe et al., 2017). In composting, there is an abundance of nutrients and organic matter 

that significantly affects microbial degradation of contaminants (Singh et al., 2015). The 

microbial activities in the composting system progress in phases that generate high 

temperature, increasing contaminants' solubility, and induces microbial co-metabolic activity 
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(Huhe et al., 2017). As the composting process matures, the pollutants are degraded, digested, 

metabolized, and transformed into humus as well as inert products by the activities of 

microorganisms present within the compost mixture (Hu et al., 2013; Singh Kriti & Subhash, 

2014; Vanishree, 2014;  Ren et al., 2018; Ren et al., 2018).  These are achieved because 

abundant nutrients and organic matter greatly influence microbial growth and activities (Singh 

et al., 2015). These features have made composting potentially exciting and to stand out as an 

advantage among other bioremediation methods in treating contaminants. The essential aspects 

in composting are; a large number of organic substrates for co-metabolism, aeration, moisture 

content, and high temperature generated during composting by microbial activities in the 

compost aid to the degradation of contaminants (Nandal et al., 2015; Sarika Saxena, 2015; 

Adams et al., 2016; Okafor & Nwankwegu, 2016; Yuniati, 2018). At the same time, the 

temperature range in a compost pile determines the presence of mesophilic or thermophilic 

organisms at the time and the rate of substrate co-metabolism and activity.  

Crude oil sludge constitutes both low and high- molecular weight PAHs of between two to 

more than six fused benzene rings of environmental concern and can be remediated using the 

composting process ( Ubani, 2012; Singh et al., 2015).  This high level of PAHs in crude oil 

sludge provided an excellent opportunity for this study to further understand the potentials and 

efficacy of adapted bacteria diversity in composting piles. Several studies previously examined 

the degradation of organic pollutants using composting techniques (Bamforth et al., 2011), 

suggesting the active bacterial communities' existence in the composting piles (Katsivela et al., 

2005). Microorganisms present in compost piles has been shown that they can degrade organic 

pollutants (Potter & Simmons, 1998; Bamforth et al., 2011; Ubani, 2012).  

In the present study, the co-composting of oil sludge with different animal manures is to raise 

adapted endogenous bacterial populations (mesophilic and thermophilic bacteria) capable of 

degrading complex crude oil waste sludge. It has been reported that such adapted endogenous 
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bacterial could degrade pollutants about six to ten times more than their counterparts because 

of their adapted metabolic heterogeneity and synergistic advantages (Vázquez et al., 2013; 

Gharibzadeh et al., 2016). In composting, many large populations of bacteria are generated 

rapidly, and they can co-metabolize, digest, and transform organic pollutants. They are adapted 

and successive bacteria that can generate as well as thrive within different temperature ranges 

(psychrophilic, mesophilic, and thermophilic), can tolerate and adapt to different 

environmental conditions ( as starvation, ionizing radiations, mechanical abrasion, desiccation, 

and pH extremes), as well as having varying capacities to degrade crude oil sludge to achieve 

stabilization and minimization. They can use complex crude oil waste sludge as a source of 

carbon and energy by secreting a high number of specific inducible enzymes (Ardakani et al., 

2010; Lanzilli et al., 2016). 

Hence, static composting piles with different animal manure were set up to grow adapted 

bacteria strains capable of degrading complex crude oil sludge. The compost piles were 

monitored for temperature changes, moisture content, and CO2 evolution to estimate the 

microbial activities. Active degrading bacteria communities (mesophilic and thermophilic) 

were isolated from the compost and identified using molecular techniques. These mesophilic 

and thermophilic bacterial communities were further characterized to determine their specific 

capabilities to degrade and mineralize crude oil sludge before they were selected to develop 

the active bacterial formulation. 

3.1 Materials and Methods 
 

3.1.1 Soil samples 

  
Garden soil (of 20cm depth, is the highest concentration of organic matter and microorganisms 

are found in such soil layer) (Series, 2009; Ubani & Atagana, 2018) was collected in a black 
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plastic bag from a farm situated in the north of Kempton Park on the East Rand, Johannesburg, 

Gauteng Province, South Africa, (S 26°1'0", E 28°14'0"). The soil sample was sealed and 

transported to the laboratory at the University of South Africa in Florida Campus Roodepoort 

and stored at room temperature before the experiment. Then, soil was air-dried and 

homogenized by hand to prepare the soil for easy mixing with compost materials. The soil was 

then characterized for soil type, organic carbon content, total nitrogen content, total phosphorus 

content, soil pH, and water holding capacity. 

3.1.2 Crude oil refinery waste sludge 

  
The crude oil sludge was collected from an oil refinery company in Durban, KwaZulu-Natal, 

South Africa. It was characterized for selected PAHs using an automated Soxhlet extractor with 

Dichloromethane coupled with gas chromatography/mass spectrometry (GC/MS) method. The 

concentrated acid digestion method (CADM) with Induction Coupled Plasma (ICP-OES 

Optima 4300 DV, Perkin Elmer, Waltham, MA, USA) was used to determine metals and 

elements present in the crude oil sludge sample.  

3.1.3 Compost material 

   
Cow, horse, pig, and poultry manures were collected from the University of Pretoria, 

Veterinary Campus Onderstepoort, Pretoria, South Africa. The manures were air-dried to 

reduce moisture content, and then stored in potting shed at room temperature until use.  Before 

the experiments, the manure samples were analysed for Carbon, Nitrogen, and Phosphorus 

content using standard methods (Yang et al., 2005; Ubani & Atagana, 2018).  

3.1.4 Bulking agent 

  
The bulking agent used was wood chips. It was collected along the road near the University of 

Pretoria, Veterinary Campus Onderstepoort, Pretoria, South Africa. The woodchips were 
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pieces of wood from the bush cleared. The woodchips were dried under the sun, and it was not 

treated but was chopped into smaller sizes before use. 

3.1.5 Tetrachloromethane (CCl4, 99.55%) 
 

Tetrachloromethane (CCl4, 99.55%, molar mass 153.8236 g/mol, density 1.594 g/ml at 20OC, 

purchased from Merck South Africa) and used to dissolve the crude oil sludge before mixing 

with soil.  All reagents were used without further purifications and they were of analytical 

grade. The designed composting treatments were based on the knowledge of the laboratory 

conditions. The temperature and pressure of the laboratory were 22OC at 100 kPa. 

3.2 Experimental methods and procedures 
 

3.2.1 Soil characterization 
 

Soil texture was determined using 3 soil separation tubes; placed on a rack and labeled A, B, 

and C. Homogenized soil sample was then added to Tube A up to the 15 ml mark (gently tapped 

the tube as the soil were added to eliminate air space). Then 1 ml of texture dispensing reagent 

was added to the soil in Tube A and diluted to a 45 ml mark with deionized water and capped, 

then gently shaken for two minutes for thorough mixing. It was placed on the rack and allowed 

to settle for 30 seconds undisturbed. After 30 seconds, the supernatant in Tube A was carefully 

transferred to Tube B, and then the tubes were placed on the rack. The content of Tube B was 

allowed to settle for 30 minutes undisturbed. Then, all the Tube B solution was carefully 

transferred to Tube C. Then, 1 ml of soil flocculation reagent was added to Tube C, and the 

tube was capped and shaken for one min.  After 1 min Tube C was placed in the rack and 

allowed to stand undisturbed to allow all the clay in the suspension to settle. Because of the 

colloidal nature of clay in solution and its tendency to swell and form a gel, the clay portion in 

Tube C was not used to determine the soil clay fraction. Instead, the sum of the reading on the 
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sand in Tube A and the silt reading from Tube B was subtracted from the sum from the initial 

volume of soil used for the separation that gave the clay fraction. The soil texture analysis was 

conducted, and the procedures described above adopted from the standardized method were 

followed according to Ubani (2012).  

   Reading the level of soil in Tubes A and B.  

   Percentage sand =   reading on Tube A /15 X 100 

   Percentage silt   =      reading on Tube B / 15 X 100    

       

3.2.2 Determination of metals in the soil sample 
 

The trace metals concentration in the garden soil sample was determined by the concentrated 

acid digestion method (CADM) using strong acids (aqua regia solution) in digesting the soil 

samples. Thus, 10 g soil sample was mixed with 20 ml aqua regia solution in a 100 ml 

volumetric flask (HCl and HNO3 in a ratio of 3:1). The soil was digested using the open heat 

method on a hot plate for 2 hr with a reduced heat. After 2 hr of digestion time, the flask was 

rinsed with deionized water to wash down the solution from the flask's sides. Then, 125 mm 

Whatman filter paper was use to filter solution, and the filtrate was diluted to 100 ml mark with 

deionized water; and the sample was ready for analysis. The multi-element standard solution 

V for ICP was the standard used (the reagent was purchased from Fluka Analytical, 

Johannesburg, South Africa, following ISO/IEC 17025 and ISO GUIDE 34). The standard 

solution prepared was 8ppm, 4ppm, 2ppm, 1ppm concentration in mg/l (ppm = parts per million 

and mg/l = milligram per litre).  The filtrate was used to measure for metals on the Induction 

Coupled Plasma (ICP-OES Optima 4300 DV, Perkin Elmer, Waltham, MA, USA). Results 

were calculated as follows:                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

P1- P0 X Fx  X  V/ M                      
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Where P1 is the original reading, Po is the blank reading, Fx is the dilution factor, V is the 

dilution volume, and M is the initial mass weighed according to Ubani (2012). 

3.2.3 Determination of pH level of soil sample 
 

The soil sample's pH was measured by weighing 10 g of 2mm-sieved soil sample into a 60 ml 

Sterilin vial. Then, deionized water about 25 ml was added to the test tube, and covered with 

the lid and the solution was shaken, allowed to stand for 30 minutes, and the procedure was 

repeated twice again. After the third time, the supernatant's pH was measured using Crison 

Micro pH 2000TM meter according to Ubani (2012). 

3.2.4 Determination of dry matter content of the soil sample 
 

The soil sample Dry Matter content (DMC) was measured by adding 10 g of 2mm sieved moist 

soil sample into pre-weighed crucibles. The soil and crucibles were then placed in an oven at 

105OC for 24 hr. The crucibles were removed from the oven after 24 hr and cooled in a 

desiccator containing blue silica gel. The weights were recorded, and the percentage of soil dry 

matter was calculated according to Ubani (2012), using the following: 

Percentage of soil dry matter content = dry weight of soil /fresh weight of soil x 100 

Percentage of soil moisture content =   100 – percentage soil dry matter content 

3.2.5 Determination of water holding capacity of soil sample 

  
The soil sample's water holding capacity was measured by placing a weighed glass wool (0.30 

g each) firmly down into a 100 ml glass funnel in duplicates. Then, 50 g moist soil sample was 

weighed into the glass funnels. The blank into another glass funnel contains the glass wool 

only without the moist soil. Beneath the glass funnel a 100 ml measuring cylinder was placed 

for collecting liquid dropping from the short rubber tube attached to the glass funnel stem's 
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mouth, and the tube was entirely closed with a clip. The cylinder was carefully placed to ensure 

that all the liquid dropped directly into the measuring cylinder. Then 100 ml deionized water 

were added to the glass funnels, and covered with aluminium foil to avoid evaporation, and the 

glass funnels stood overnight on the clamp. After, the clip was opened for water to drop into 

the cylinder beneath the glass funnels via the tube. The volume of water collected was 

measured. Then, soil samples were weighed, transferred to a crucible, which was dried in an 

oven at 105OC to constant mass. Then the soil samples were cooled in a desiccator and 

reweighed. The water-holding capacity (%WHC) in percentage were determined by: 

100 – (Volume water retained by glass wool + volume water collected) ml = A 

(Note: The water volume retained by the glass wool = 100 ml – the water volume collected 

from the blanks). 

To calculate the soil WHC (ml water held at 100% WHC per 100g oven-dried soil) 

2A + MC % (% soil moisture content) = WHC (ml 100g-1 fresh soil) = B ml 

Then: (B ml/soil DM (soil dry matter) X 100 = MLS of water held by 100 g oven-dried soil at 

100% WHC. This experiment was adopted from Atagana (2008); and Bünemann et al. (2012), 

and according to Ubani (2012). 

3.2.6 Determination of Total Organic Carbon and Nitrogen in the soil sample 

  
LECO TruMac was used to determine the Total Organic Carbon and Nitrogen in the soil sample 

(LECO Corporation TruMac CNS Macro Analyzer: Is ideal for soils, feeds, meats, pet foods, 

starches, slurries, or wastewater) (Figure 3.1). LECO uses a flash combustion method to 

analyse samples, where samples are oxidized by burning in the oxidation chamber in the 

presence of oxygen at high temperatures of around 1,000OC in a catalyst, which speeds up the 

reaction. It converts the carbon in the sample into carbon dioxide gas, while nitrogen is 

converted into nitrogen oxide and nitrogen gases, and Helium is the inert gas carrier that 
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transports the combustion products to a reduction chamber with copper filling. However, 

excess water vapour is removed from the gas mixture by filtration with a desiccant such as 

magnesium perchlorate. Then the flash combustion products are separated by gas 

chromatography. The N2 exits the gas chromatography column first at about 110 sec, followed 

by the CO2 at about 190 sec. The percentage of Carbon and Nitrogen in the soil sample can be 

determined by a standard curve that is created using aspartic acid. The advantage of the flash 

combustion technique is that it does not use toxic chemicals, making it much safer to use. 

Thus, to analyse the percentage of Carbon and Nitrogen in the soil sample, the soil sample was 

air-dried, homogenized, and sieved through a 2x2-mm sieve (Mesh strainer). Then, the analysis 

parameters on the elemental analyser were set according to the manufacturer's instructions, 

such as the temperatures of the oxidation furnace, reduction furnace, and gas chromatography 

oven, flow rate of the carrier gas, oxygen injection rate, the flow rate of the reference gas, cycle 

run time, the delay between sample drop and oxygen injection into the oxidation chamber, and 

the duration of oxygen injection. In setting up the instrument parameters, (1) The instrument 

was turned on by flipping the switch up, (2) the computer attached to the instrument was turned 

on, (3) and the software program that runs the instrument was started by double-clicking on the 

software icon, (4) followed by a double click on the NC soils icon that open the method that 

runs the instrument setup for soils, (5) and the instrument heated up by opening up the edit 

elemental analyser parameters and clicking on the send button. The parameters on the 

Elemental Analyzer are as follows: (a) Temperatures:  Left = 900 OC, Right = 680 OC, Oven = 

50 OC, (b) Gas flow (Helium):  Carrier = 130 mL/min, Oxygen = 250 mL/min, Reference = 

100 mL/min, (c) Cycle Runtime = 360 s, (d) Sampling Delay = 12 s, (e) Oxygen Injection End 

= 5 s, (f) Detector = Filament On. (6) After that, a sample table was created on the computer 

by clicking on edit sample table and then a sample table filled with the number of samples 

planned for the run inserted, with the standards and blanks included. Then the last sample table 
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created was replaced with a new sample table. A standard curve was also created by weighing 

out about 1mg of the aspartic acid standard using a tin disc, microbalance, and a micro-spatula.  

Precautions are taken at this stage to avoid touching the tin disc with fingers to avoid 

transferring oils from fingertips. The weight was then entered into the data table in the software 

on the computer; the tin disc containing the aspartic acid standard was sealed with forceps to 

avoid spilling it, and it was placed into the autosampler tray. The aspartic acid standard was 

weighed in triplicates of 5mg, 7.5mg, and 10mg. The homogenized/sieved soil samples were 

weighed using a crucible to 50mg in triplicates for each sample and placed on the autosampler 

tray, and the weight was entered into the data table in the software on the computer. The file 

containing the run information was saved on the computer before the run. When the appropriate 

temperatures were reached on the instrument, a green light indicating temperature ready turns 

on at the bottom screen of the computer, which indicates ready for analysis, then it is clicked 

for the instrument to run the analysis.  After the run was completed, the results were seen by 

clicking on recalculation, then summarize results, and a chromatogram for each sample was 

produced showing the amount of carbon and nitrogen in the sample.  The areas under the curve 

at each of the sample's chromatogram peaks were compared to the standard curves, and the 

amount of carbon and nitrogen in the sample was calculated. Based on the original sample's 

weight, the Carbon and Nitrogen percentage was calculated automated by the instrument 

software on the computer. 

 



97 
 

 

Figure. 3.1. LECO Corporation TruMac Carbon Nitrogen Macro Analyzer: Is ideal for soils, 
feeds, meats, pet foods, starches, slurries, or wastewater (UNISA, Florida Campus Laboratory). 

 

3.2.7 Determination of Total Phosphorus in the soil sample  
 

3.2.7.1 Preparing the stock solution of Ammonium Molybdate  
 

Forty grams of Ammonium molybdate tetrahydrate (40 g) [(NH4)6Mo7O24.4H2O] was weighed 

into a 1-liter bottle, which was diluted with 983 ml distilled water, and the solution was mixed 

using a magnetic stirrer for 4 hr and then stored in a refrigerator before use.  
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3.2.7.2 Preparing the stock solution Antimony Potassium Tartrate 

  
Three grams of Antimony potassium tartrate (3g) (potassium antimony tartrate hemihydrates; 

K (SbO)C4H4O6.1/2 H2O) was weighed into a dark 1-liter bottle and was diluted with 995 ml 

distilled water. The solution was thoroughly mixed with a magnetic stirrer until all the powder 

was dissolved, and then stored in a refrigerator with a dark bottle before use. 

3.2.7.3 The working Molybdate reagent 

  
Distilled water (680 ml) was measured into a 1-liter bottle, and concentrated sulphuric acid 

64.4 ml was added, and then the container was swirled for thorough mixing. Then 213 ml of 

stock ammonium molybdate solution previously prepared, as mentioned above, was added, 

followed by 72 ml of stock antimony potassium tartrate solution previously prepared. The 

solution was degassed with Helium by shaken. 

3.2.7.4 Ascorbic Acid solution 

  
Granular ascorbic acid (60g) was weighed into a 1-liter bottle, and was diluted with 975 ml 

distilled water. The solution was stirred to dissolved and the reagent was degassed with Helium, 

then 1g dodecyl sulphate, CH3 (CH2)11OSO3Na was added. The solution was stirred gently to 

mix. 

3.2.7.5 Preparing the Orthophosphate stock standards 

  
Twenty-five milligrams of primary standard grade anhydrous phosphate monobasic (25mg 

P/L: 0.1099g) (KH2PO4) was dissolved in 800 ml distilled water in a 1-liter volumetric flask, 

and the solution was further diluted to a mark with distilled water and were inverted to mix. 
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3.2.7.6 Preparing the Orthophosphate standard solutions 

  
The stock Orthophosphate standard previously prepared as mentioned above was used and 

diluted with distilled water. After preparing the reagents, 10 g of the sample was digested using 

a micro-Kjeldahl flask containing H2SO4 and HNO3 (1:5 v/v). The digestion was by heating 

gently on a hotplate to reduce the solution's volume and to remove HNO3 until the solution 

became colourless. After the digestion process, solution was diluted with 20 ml of distilled 

water after cooling. Then, a drop (0.05 ml) of phenolphthalein indicator and 1M NaOH solution 

was added in a dropwise manner until a faint pink tinge colour was produced. The neutralized 

solution was transferred into a 100 ml volumetric flask by filtering and the filtrate was diluted 

with distilled water to 100 ml mark.  A pipette was used to transferred 50 ml of the filtrate into 

a 125 ml Erlenmeyer flask, and a drop (0.05 ml) of phenolphthalein indicator solution was 

added to the solution. A 5M H2SO4 solutions were added in a dropwise manner to discharge 

the red colour produced due to the phenolphthalein indicator addition. The combined reagent 

solution 8 ml (containing 50 ml 5M H2SO4, potassium antimony tartrate solution 5 ml, 

ammonium molybdate solution 15 ml, and ascorbic acid solution 30ml) was thoroughly mixed. 

The mixed solution stood for 10 minutes, and the absorbance of each sample was measured at 

880nm. The prepared blank that followed the same procedure, with all reagents except ascorbic 

acid and potassium antimony tartrate, were used as the reference solution. It was measured by 

subtracting the blank absorbance from the sample absorbance in each sample. The calibration 

curve preparation was by preparing an individual calibration curve from the phosphate range 

standards. A blank distilled water with the combined reagent was used to do the calibration 

curve photometric reading. A straight-line graph was plotted that passed through the origin 

(graph of absorbance vs. phosphate concentration) all the steps followed was according to 

Ubani (2012). 
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Total phosphate calibration calculation = Absorbance X y ± a = answer X 2 

Where y = 3.6828, a = 0.0217, X 2 = diluting titre volume to 100 ml. 

 

3.2.8 Determination of the concentration of selected PAHs present in crude oil sludge 

  
The concentration of selected PAHs present in crude oil Sludge was recuperated by extracting 

analyte from crude oil sludge sample using automated Soxhlet extractor performed with the 

EPA method 3541, Dichloromethane as the extraction solvent (Figure 3.2) (Wang et al., 2010). 

The process was conducted in three stages: extraction and rinsing, solvent evaporation, and 

concentration of the extracts. The stages involve: (1.) the sample-loaded into the extraction 

thimble is submerged directly into the boiling solvent for 60 minutes, this ensures a quick 

contact of solvent and the sample for rapid extraction of up to 70% of the organic analytes (Sun 

et al., 2006), (2.)  after 60 minutes, the thimble is elevated above the solvent and rinse extracted, 

(3.) then, the solvent is evaporated in the concentration step. The concentrated extract is used 

to measure the concentration of organic analytes.    

3.2.8.1 Automated Soxhlet extraction procedure 
 

Thus, to extract analytes, automated Soxhlet extractor was switched on, and the cold-water tap 

connected to the reflux condensers opened. The water flow was adjusted to 2L/min to prevent 

solvent loss through the condenser. Then 10g of the sample was weighed and mixed with 10g 

anhydrous sodium sulphate in a beaker for manageable precipitation (recuperation) of the 

analyte. The sample was loaded on the extraction thimble (60mm x 26mm id). The thimbles 

were then inserted into the condensers immediately, and the knob was raised to the boiling 

position. The magnets were fastened to the thimbles, and placed hanging just below the 

condenser valves in a rinsing position. Then, the extraction cups loaded with boiling chips were 

inserted, also containing 50ml Dichloromethane as solvent for the extraction. Dichloromethane 
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was selected as the extraction solvent for semi-volatile PAHs because it is a common and stable 

solvent for the extraction of semi-volatile organic compounds (Jonker & Koelmans, 2002).  

The locking handle was then lowered using the holder, ensuring that the safety catch was 

engaged. Now, the cups were clamped into positions and thimbles were submerged in the 

boiling solvent, which allowed to boil for 60 minutes, and the condenser valves remained 

opened. The extraction was performed for the pre-set time (60 mins). After the 60 minutes, the 

extraction knobs were moved to the rinsing position by hanging the thimbles above the solvent 

surface. The timer was then set for another 60 minutes, and the condenser valves were left 

open. Rinsing-extraction was performed for the pre-set time. Once rinsing time lapsed, the 

condenser valves were closed to allow solvents to evaporate to about 5ml, then the system was 

locked and the cups removed. The content in the cups was transferred into 15ml graduated 

conical round bottom glass tubes, and the cup rinsed with Dichloromethane; the rinsates were 

added to the conical round bottom glass tubes and the extracts were made up to 10ml using 

Dichloromethane, and a portion was transferred to a Gas Chromatography (GC) vial. The 

analytes in vials were stored at 4OC until analyses were performed using Gas chromatography-

mass spectrometry (GC/MS). The blank preparation also following the same stages and 

procedure as described above to avoid glass-wares and reagents interference-free to safeguard 

against frequent laboratory contamination. All reagents used were analytical grade or the purest 

commercially available and were used without further purifications according to Ubani (2012). 

3.2.8.2 Gas Chromatography-Mass Spectrometry Detector (GC/MSD) 
 

The selected PAH concentration was determined using Gas Chromatography-Mass 

Spectrometry (GC/MS) following the US EPA method 8270 (Darko & Sakyi, 2015). The GC 

used in this analysis was an Agilent 7860/5975C inert mass-spectrometry-detector (MSD) 

(manufactured by Agilent Technologies Canada; Figure 3.3.) mounted with Helium 30c/s 

constant flow as a carrier gas. The fitted capillary column was an Agilent HP-5ms Ultra inert 
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30m, internal diameter 0.25 mm and film thickness 0.25µm and mass spectrometry detector 

operated on two temperature programs to obtain a good separation and quantification of more 

volatile compounds. Table 3.1 below shows the GC/MS conditions for analysing the semi-

volatile organics present in crude oil sludge samples (Doris & Lynam, 2009; Sun et al., 2006).  

The calibration standard was prepared with Restek cat no. 8270-1 stock standard (1000ppm), 

which contains semi-volatile mix, bought from Sigma Aldrich, South Africa. Calibration 

standards of 10ppm, 30ppm, and 50ppm were prepared.  To prepare the working standard 

solution from the surrogate standard, Dichloromethane was used. The recovered concentrations 

were calculated using the formula as: C1V1 = C2V2. 

Where C1 = Concentration of stock solution, C2 = Concentration to be made, V1 = Volume to 

be determined, V2 = Volume required. 

 Standards were first analysed using the GC/MS to register a known retention time to match 

each compound. The GC/MSD works on the principle that a small quantity of liquid extract 

injected into the instrument is volatilized at the hot injection chamber. A stream of inert carrier 

gas sweeps volatilized molecules along the heated column holding a high boiling liquid as its 

stationary phase. As the mixture flows along the column, the components bombard each other 

at different rates between the gaseous phase, dissolved in the high boiling liquid, and it is then 

separated into pure components. The compounds then pass through a detector, which sends an 

electronic signal to the recorder, which response by peak formations. The peaks formed are 

quantified by a mass selective detector using the relative compounds retention time registered 

from the standard. Identification of PAHs were by retention times matching to standards 

concentration. The value of the chromatogram was quantified using peak area integration. The 

procedures described was adopted from the standardized methods (US EPA methods 3541 and 

8270, revision no: 4, January 1998; Ubani, 2012). 



103 
 

 

Figure. 3.2.  The Automated Soxhlet Extractor was used to extract analyte (UNISA, Florida 
Campus Laboratory). 
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Figure. 3.3.  The Gas Chromatography-Mass Spectrometry (GC/MS) Agilent 7860/5975C 
inert mass-spectrometry-detector (MSD) (manufactured by Agilent Technologies Canada), 
used to quantify the selected PAHs present in the samples. 
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Table 3.1 The Gas Chromatographic conditions used for calibration standard (EPA Method 

8270).  

Instrument component ID Description/condition of GC/MS 
GC: Agilent 7860/ 5975 MSD 

 
Sampler: Agilent 7683B, 5.0µL syringe 

(Agilent p/n 5181-1273) 1.0µL splitless 
injection 
 

Carrier: Helium gas 30 cm/s, constant flow 
 
Inlet: 

 
Splitless; 260OC, purge flow 50mL/min at 
0.5 min 
Gas saver 80mL/min at 3 min 
 

Inlet liner: Deactivated dual taper direct connect 
(Agilent p/n G1544-80700) 
 

Column: Agilent HP-5ms Ultra Inert 30m x 0.25mm x 
0.25µm 
(Agilent p/n 19091S-433UI) 
 

Oven: 40OC (1min) to 100OC (15OC/min), 
10OC/min to 210OC (1min), 5OC/min to 
310OC, hold 8 min 
 

  
Detection: MSD source at 300OC, quadrupole at 180OC, 

transfer line at 290OC, scan range 45 to 450 
amu 

  
Table was adopted from Ubani, (2012) 

 

 

3.2.8.3 Determination of Metals present in crude oil sludge sample 
 

The metals present in the crude oil sludge sample were determined using the concentrated acid 

digestion method (CADM) with a strong acid (nitric acid) and Induction Coupled Plasma (ICP-

OES Optima 4300 DV, Perkin Elmer, Waltham, MA, USA) as described in section 3.2.2 above.  
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	3.2.8.4 Characterisation of Animal manure used for composting 
 

The cow, horse, pig, and poultry manures were characterized for carbon: nitrogen: phosphorus 

content following the procedures described in sections 3.2.6 and 3.2.7. to 3.2.7.6. 

3.3 Preparation of compost mixture to raise adapted bacteria isolates capable of 
degrading complex crude oil wastes sludge 
 

Three hundred grams of crude oil waste sludge were dissolved in 400 ml of 

Tetrachloromethane (CCl4, 99.55%). Then mixed with 1 kg of soil, homogenized and air-dried 

at room temperature to evaporate excess CCl4, after which 50g was analyzed for selected PAHs 

as describe in section 3.2.8 to 3.2.8.2, and results are shown in Table 3.6. Wood chips were 

mixed with each amended soil in a ratio of 1:2 (w:v) soil: wood chips. The mixture of about 

2.34 kg each was separately mixed with about 1.17 kg of either cow, horse pig, or poultry 

manures in a ratio of 2:1(w:w). Then a portion was used as the control with no manure added. 

All treatments including the control were incubated in triangular PVC troughs with lids 

measuring 22cm (length) x 9.2cm (Depth) x 20cm (width). Holes were perforated on the lids 

to allow the flow of oxygen and aeration, making it an aerobic composting process. The setup 

was at room temperature at the potting shed (Horticulture, in UNISA Florida Campus 

Roodepoort) for 10 months. All treatments were in triplicated Figure 3.4, and parameters such 

as temperature, moisture content, pH level, ash content, carbon dioxide evolution, and oxygen 

consumption were measured during the composting process. Temperature changes were 

monitored by placing a laboratory thermometer in the middle of the compost heaps.  The 

compost's moisture content was measured using the method adopted from Atagana (2008), and 

when needed, water was added to maintain moisture levels between 50% and 80%, not 

allowing it to dry-up. The pH was measured monthly using the aqueous extract of the compost 

mixture with a pH meter (Crimson Micro pH 2000TM). The compost mixture's ash content was 
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determined at the initial stage and the end of the composting experiment by heating 10 g of the 

compost mixture in a furnace at 400OC for 6 hr. Carbon dioxide evolution was measured at 

room temperature using the closed jar method adopted from Atagana (2008) and Bünemann et 

al. (2012), and it was also used to monitor microbial activities according to Ubani (2012).  

 

Figure. 3.4. The co-compost pile's mixture of crude oil sludge, soil, wood chips, and animal 
manures was incubated under room temperature. 

 

3.3.1 Determination of changes in temperature in the compost pile 
 

The temperature changes were measured by dipping the laboratory thermometer at the middle 

of the composting experiment to monitor the temperature changes daily for the first 7 days at 

the beginning of the composting process (Figure 3.5). It was measured at an interval of 3 days 

for 2 weeks. Then it was measured at 7 days interval for 2 weeks. After then a 2 weeks break 
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was observed. This procedure (1-week interval) was repeated for the period of incubation. 

During this period, the compost was turned at an interval 3 days to maintain aeration and 

oxygen flow to attain aerobic composting (Figure 3.4). All temperature measurements were 

taken at noon to avoid huge fluctuations (Marquis, 1966; Outcomes, 2005; Yilmaz et al., 2008; 

Ubani, 2012). 

 

 

 

Figure. 3.5. Determination of temperature changes in compost piles using laboratory 
thermometer. 

 

3.3.2 Determination of moisture content of the compost pile 
 

The compost piles moisture content was determined weekly using dry matter content (DMC) 

as described in section 3.2.4 above.  

Laboratory 
Thermometer 
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3.3.3 Determination of ash content of the compost piles 
 

To measure the ash content, samples were taken at the beginning and the end of the experiment.  

Each compost pile ash content was measured using 10 g of each compost mixture separately in 

a pre-weighed crucible, which was reweighed before heating and after heating at 400OC for 6 

hr using a furnace. The desiccator was used to cool the crucible and ash to a constant in a before 

being weighed again for the difference according to Ubani (2012).   

3.3.4 Determination of pH changes in the compost pile 
 

The compost mixture supernatant's pH was measured at a weekly interval in triplicate using 

the pH meter (Crimson Micro pH 2000TM) as described in Section 3.2.3 above.   

3.3.5 Determination of carbon dioxide evolution and oxygen consumption 

  
Carbon dioxide evolution and oxygen consumption were conducted using soil respiration 

experiments in a closed jar method adopted from Atagana (2008). Moist soil samples (50g) 

from the static-compost- pile were placed in a beaker and were lowered in a glass jar, all in 

duplicates, and a plastic vial containing 0.1M sodium hydroxide solution 40ml was suspended 

from a tripod stand in each jar. The jars were closed and incubated for 3 days at room 

temperature. After 3 days, the vial contents were transferred into a 250ml Erlenmeyer flask, 

then barium chloride solution 2ml was added to each flask, which was titrated using 2M HCl. 

The controls (blank) without the compost-pile samples were set up as described above and 

according to Ubani (2012).  

The results were determined by the following formulas: 

µg CO2- C/g/day = Vsample – Vblank X 2.2 x 0.27/ dwt X day X 1000 
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Where Vsample is the titer value of HCl for the samples, Vblank is the titer value of HCl for the 

blank for each experiment, 2.2 is the conversion factor (1ml 0.1M NaOH = 2.2mg CO2), 0.27 

is the mg CO2-C, and dwt is the dry mass of the samples. 

3.3.6 Determination in the reduction of selected PAHs from the compost samples 
 

Samples were collected from composted piles and procedures described in sections 3.2.8, 

3.2.8.1. and 3.2.8.2, a commercially available, three unique stages were followed to extract and 

quantify the analyte in order to determine the reduction in concentration of the selected PAHs. 

When the time needed for extraction and performing analysis, and pre-treatment of samples is 

considered, the automated Soxhlet extraction EPA method 3541 was the right choice. The 

extraction period is short and has proven to be beneficial in managing many samples. The 

results are shown in Table 3.6. Prior to samples analysis, the GC-MSD was calibrated with 

Restek cat no. 8270-1 PAH stock standard (Sigma Aldrich Ltd) according to Ubani (2012), and 

the percent PAH degradation was calculated as follows: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	𝑃𝐴𝐻	𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
([𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝑃𝐴𝐻] − [𝐹𝑖𝑛𝑎𝑙	𝑃𝐴𝐻])

[𝐼𝑛𝑡𝑖𝑎𝑙	𝑃𝐴𝐻]
	𝑥	100 

 

3.4 Results and Discussion 
 

3.4.1 Characteristics of soil sample 
 

Table 3.2 below defines the type of garden soil sample used in this study. The soil's total 

organic carbon content was higher than the total organic nitrogen and total phosphorus. The 

initial soil pH was marginally acidic (5.56). The soil sample was fertile soil, as revealed by the 

properties. It is abundant in nutrients essential for plant growth and microbial activities, and it 

has adequate minerals, organic matter that enhances soil structure and soil moisture retention. 

Most biological soil activities occur in this soil sample (Series, 2009; Ubani & Atagana, 2018). 
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Table 3.2 Characteristics of the garden soil used for the experiment 

Soil parameter Characteristics [Conc] 

Sand [% wt] 61.3 
Silt [% wt] 21.3 
Clay [% wt] 9.3 
Texture sandy loam 
pH (H2O) 5.56 
Total organic carbon in %[mg kg-1] 13.01 
Total organic N %[mg kg-1] 3.94 
Total P [mg kg-1] 4.4 
Cr [mg kg-1] 121.7 
Pb [mg kg-1] 31.91 
Ni [mg kg-1] 10.13 
Cu [mg kg-1] 38.08 
Zn [mg kg-1] 9.65 
Mn [mg kg-1] 92.38 
Fe [mg kg-1] 67.04 
Co [mg kg-1] 2.45 
Mg [mg kg-1] 22.37 
Dry matter content [% DM] 90.48 
Moisture content [% MC] 9.52 
Water holding capacity [% WHC] 32.62 

 
 

3.4.2 Characteristics of crude oil sludge 
 

The characteristics of crude oil waste sludge before composting are shown in Table 3.3 below; 

18 hazardous PAHs of environmental concern, both low and high molecular weight, were 

present in substantial amount with few metals. They included Naphthalene, Acenaphthylene, 

Acenaphthene, Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, Benzo[a] 

anthracene, Chrysene, Benzo[b] fluoranthene, Benzo[k] fluoranthene, Benzo[a]pyrene, 

Perylene, Indenol (1,2,3-cd) pyrene, Dibenzo [a,h] anthracene, Benzo [ghi] perylene, Benzo 

[e] acephenanthrylene (Table 3.3). They are constituents that could cause cancer, although 

they act indirectly by reacting in the body together to form PAH epoxides that are active 

carcinogenic agents (Bayoumi, 2009; Moorthy et al., 2015). The majority of crude oil sludge 
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constituents were not detected because they were below the detection limits (<0.01mg/kg) by 

GC/MS. 

 

Table 3.3 Characteristics of the crude oil sludge (mg.kg-1) used for the experiment 
 
Compounds (Selected PAH) § Concentration (Soxhlet extraction with 

Dichloromethane) [mg kg-1] † 
Naphthalene [2]  98.23 
Acenaphthylene [3] 6.01 
Acenaphthene [3] 9.15 
Fluorene [3] 27.50 
Phenanthrene [3] 14.88 
Anthracene [3] 41.55 
Fluoranthene [4] 2.38 
Pyrene [4] 14.06 
Benzo[a] anthracene [4] 4.08 
Chrysene [4] 54.80 
Benzo[b] fluoranthene [5] 23.65 
Benzo[k] fluoranthene [5] 2.64 
Benzo[a]pyrene [5] 9.96 
Perylene [5] 5.05 
Indenol (1,2,3-cd) pyrene [6] 10.13 
Dibenzo [a,h] anthracene  [5] 11.57 
Benzo [ghi] perylene [6] 9.43 
Benzo [e] acephenanthrylene [5] 3.86 
Zn   8.33 
Fe   46.35 
Mg   22.37 

§ The number of benzene rings in different PAHs is given in the bracket. 
† Concentration of each PAH and metals in mg.kg-1.   
 
 

3.4.3 Characteristics of the Animal Manure 
 

The characteristics of animal manures showed that they contain essential nutrients and a 

substantial amount of carbon, nitrogen, and phosphorus needful to stimulate microbial growth 

and activities in the compost pile, as shown in Table 3.4 below. 
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Table 3.4 Characteristics of the animal manures used for the experiment. The values are 
means of three replicates ± standard error. 
 

Animal manures Total organic C % [mg.kg-1]  Total organic N %[mg.kg-1] 
 

Total organic P %[mg.kg-1] 

Poultry 277±63            49.2±14.2     254±14 
Cow 109±8            54.9±5.9      46±8 
Horse 81±3            52.7±2.7      50±2 
Pig 904±84            50.6±5.9      252±29 

 

	

3.4.4. Changes in Temperature during Composting 
 

An increase in temperatures was observed in all the compost piles except the control 

experiment, which had no manure. The cow manure experiment's temperature increase was 

observed in the middle of the treatment period. The low temperature in the cow compost pile 

at the early stages could be because cow treatment retained more water than others due to the 

wet cow manure used for the compost.  The additional water in the cow compost pile may have 

led to an anoxic condition, a limiting factor in microbial activities. During the treatment period, 

the temperature range in all composting piles, were as follows: with the cow compost pile initial 

22OC to 25.7OC, horse compost pile 22.5OC to 24.2OC, pig compost pile 22.5OC to 25.7OC, 

poultry compost pile 22.5OC to 27.3OC, and control which had no manure amendment 22OC to 

23OC. The temperature fluctuated almost in all the composting piles, and the cow manure 

compost pile was the least during the composting period (Figure 3.6). The temperature 

fluctuation indicated that microbial succession and activities were enhanced in all composting 

piles. The temperature in the control compost pile stayed low for the treatment period, which 

could be because of no manure present to stimulate microbial proliferation and increase in 

temperature. In co-composting piles with the animal manure (horse, pig, poultry, and cow), 

microbial activities were enhanced and may be responsible for the generated increased 

temperature. This increase in temperature is expected to generate a large succession of bacteria 
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populations that can effectively biodegrade hydrocarbons in the compost mixtures (Ubani & 

Atagana, 2018; Kaur, 2019). It is significantly noted that the level of temperature changes 

moisture level, and carbon dioxide evolution results obtained in this experiment is attributed to 

the size of the treatment piles and setup, as described above in section 3.3 and figure 3.4.(Size 

of compost pile = 300g of crude oil sludge mixed in 1 kg of soil, 2kg of each manure and 2kg 

(v) of wood-chip as bulking agent).  

Figure 3.6. The temperature of the compost’s mixture of crude oil waste sludge, soil, animal 
manures, and bulking agent to generate bacteria diversity capable of degrading PAHs. The 
values were mean of three replicates ± standard error for the compost piles. 
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3.4.5. Changes in moisture content during composting 
 

The results showed that the soil sample moisture and dry matter content was 9.52% and 

90.48%, respectively. The soil water holding capacity was 32.62% (Table 3.2). The moisture 

content was observed to increase above 50% in most compost piles.  The results were because 

of a static closed system, and moisture trapped on the PVC lids dripped back into the compost 

pile (Figure 3.4).  Throughout the composting period, the control set up did not exceed 44% 

(Figure 3.7). The result agrees with the report by (Chung & Alexander, 1999), which states that 

water content between 50% and 80% in soil generates large bacteria succession, enhances 

microbial growth, and activities for the degradation of the target contaminants. This indicates 

that moisture is essential to meet the physiological requirements of microorganisms and 

transport nutrients, metabolic by-products in and out of microorganisms for their activities, as 

well as for the aeration status of the compost pile (Ubani, 2012). In this study, the moisture 

content of the compost pile was measured weekly as described in section 3.2.4, and distilled 

water was added to the compost pile when required but avoided excess water that can cause 

anoxic condition in the composting pile so that it may not affect and limit the microbial growth 

and activities as well as biodegradation of petroleum hydrocarbons according to Ubani (2012) 

and Ubani & Atagana (2018).  
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Figure 3.7.  The moisture level of composts mixture of crude oil waste sludge, soil, animal 
manures, and bulking agent; to generate bacteria diversity capable of degrading PAHs. The 
values were mean of three ± standard error for the compost piles. 

 

3.4.6.  Changes in pH during Composting 

   
The soil pH before composting treatment was 5.56 (Table 3.2).  Reports show that most soils 

have acid pH, and in bioremediation techniques, pH neutral or near-neutral are favourable to 

bacteria (Min & Martin, 1992; Atagana, 2008). The pH level in all treatments increased, 

including the control composting pile during the process. The poultry composting pile's pH 

level increased from 5.9 to 7.9, which was the highest. A sharp pH decrease was observed after 

the fifth month in all treatments except in the horse treatment pile as shown in Figure 3.8. In 

this study, pH values were within the recommended pH range for composting organic 

compounds (van Hamme et al., 2003). The increase in pH level in compost piles could be 

because of the high content of ammonia from animal manures used, while the decrease in pH 
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may be due to the degradation of compost materials and petroleum hydrocarbon in the compost 

piles. Otherwise, it could be the release of intermediates and other products with low pH effects, 

as reported by Fava & Piccolo, (2002) and according to Ubani (2012). 

Consequently, in the compost pile pH affected nutrients elements such as N and P solubility, 

bioavailability and chemical forms, including the hydrogen and hydroxyl ions. Most metals' 

solubility is reduced at higher pH; hence, their toxicity to degrading microorganisms are also 

reduced. The reduction in metals' toxicity prevents the inhibition of growth and activities of 

microorganisms present in the pile.   

Figure 3.8 The pH of composts mixture of crude oil waste sludge, soil, animal manures, and 
bulking agent to generate bacteria diversity capable of degrading PAHs. The values were mean 
of three ± standard error for the compost piles. 
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3.4.7. Changes in  ash content of compost pile 

    
The ash content of the compost mixture showed that there was no significant difference 

between the initial soil-compost mixture and that of the end of the composting period (Table 

3.5). From the results obtained, it showed that there were no significant changes in the mineral 

components of the soil at the end of the composting period. This further agrees that the 

composting process does not alter the soil components after treatment (Atagana, 2008) 

according to Ubani (2012). 

 

Table 3.5 Ash mass (g) initial stage and end-of-the composting period (300 days). Values are 
mean of three ± standard error for the compost piles. 

 
Soil-compost mixture Initial End 

Poultry 4.03± 0.21 4.08± 0.16 
Cow 4.01± 0.19 4.01± 0.20 
Pig 3.77± 0.15 3.78± 0.14 

Horse 3.34±0.04 3.36± 0.04 
Control 4.04± 0.33 4.07±0.32 

 
 

3.4.8. Respiration of bacteria present during composting 

  
The respiration rate increased in all compost piles with the control setup stable from the fourth 

month. This indicates that the microbial population was generated, metabolic activities 

enhanced, and bioavailability of the target contaminants in the composting piles to 

microorganisms. The treatment piles also showed increase in the respiration rate including 

control set up which had no manures, suggesting that microorganisms tried to utilize the 

hydrocarbons as their sole carbon and energy source even in the control compost pile. The 

results exhibited an increase in the microbial activities (Figure 3.9), indicating the utilization 

of substrates (nutrients and hydrocarbons) by microorganisms in all composting mixture. The 
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emission carbon dioxide increased as the treatment proceeds and as composting piles were 

turned for aeration, indicating the effect of oxygen consumption on the growth and activities 

of the degrading microorganism. Thus, to study the aerobic biodegradation of contaminants in 

contaminated soils, respiration experiments was used (Mahmoud Said, 2004). Hence, the 

process was a tailored composting of crude oil waste sludge with animal manure to generate 

and stimulate the activities of the microbial population capable of degrading contaminants in 

no distant time. In this study, soil respiration experiments helped quantify the effects of the 

nutrients and microorganism's activities in crude oil waste sludge bioremediation according to 

Ubani (2012) and Ubani & Atagana (2018).  

 
Figure 3.9 The respiration rate of soil microorganisms in compost mixture of crude oil waste 
sludge, soil, animal manures, and bulking agent to generate bacteria diversity capable of 
degrading PAHs. The values were mean of three actual values ± standard error for the compost 
piles.  
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3.5. Reduction in Selected PAHs from each Compost piles 
 

The PAH recovery and quantification were achieved with an automated Soxhlet extractor 

quantified with GC/MS quickly (Sun et al., 2006;  Doris & Lynam, 2009). The compounds 

recovered were low and high molecular weight PAHs ranging from 2 to 6 fused benzene rings.  

They include Naphthalene, Acenaphthylene, Acenaphthene, Fluorene, Phenanthrene, 

Anthracene, Fluoranthene, Pyrene, Benzo[a] anthracene, Chrysene, Benzo[b] fluoranthene, 

Benzo[k] fluoranthene, Benzo[a]pyrene, Perylene, Indenol (1,2,3-cd) pyrene, Dibenzo [a,h] 

anthracene, Benzo [ghi] perylene, Benzo [e] acephenanthrylene.  In this study, the results 

obtained showed a reduction in selected PAHs (35.29% to 99.98%) in all co-composting piles 

for 10 months. This result agrees with the report by Ouyang et al. (2005), from comparing 

bioaugmentation and composting for remediation of oil sludge.   A detailed reduction in 

percentage obtained in this study are shown in table 3.6 below: 

In each case, PAHs mentioned above were recovered, identified and quantified. Table 3.6 

revealed the detailed result of each PAH extracted and analysed using GC/MS; in this analysis, 

it is calculated using the mean value of three duplicates for each sample. The results obtained 

indicate that composting can harbour and generate microbial populations capable of degrading 

PAHs present in oil sludge (Meintanis et al., 2006; Bamforth et al., 2011). The degradation of 

PAHs was attributed to the parameters measured in all compost piles. The increase in 

temperature, respiration experiments, and pH value indicates that microbial activities in all 

composting piles were enhanced, and microorganisms can thrive in any condition for the 

solubility of target contaminants and utilization of substrates (nutrients and hydrocarbons), 

which had a positive effect on the degradation of PAHs (Sarika Saxena, 2015; Ubani & 

Atagana, 2018; Kaur, 2019).  
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Table 3.6 The average final reduction of selected PAHs in poultry (PM), horse (HM), cow (CM), 
pig (SM), and Control (CT) compost piles after 300 days. The values were mean of three ± 
standard error for the compost piles. 

Selected PAHs § Initial Conc. 
(mg.kg-1) 

Residual concentration (mg.kg-1)† 

PM HM CM SM CT 

Naphthalene (2) 98±6.2 0.07±0.02 
(99.9) 

0.04±0.01 
(99.9) 

0.03±0.00 
(99.9) 

0.06±0.01 
(99.9) 

2.91±0.10 
(97.0) 

Acenaphthylene (3) 6.0±0.8 0.37±0.06 
(93.8) 

0.24±0.06 
(96.0) 

0.49±0.07 
(91.9) 

0.23±0.09 
(96.2) 

0.96±0.08 
(84.0) 

Acenaphthene (3) 9.2±1.2 0.25±0.05 
(97.3) 

0.01±0.00 
(99.9) 

0.07±0.01 
(99.2) 

0.01±0.00 
(99.9) 

1.21±0.31 
(86.8) 

Fluorene (3) 27±3.1 0.91±0.07 
(96.7) 

0.01±0.00 
(99.9) 

0.11±0.04 
(99.6) 

0.01±0.00 
(99.9) 

4.39±0.91 
(84.0) 

Anthracene (3) 42±4.6 0.19±0.00 
(99.5) 

0.01±0.00 
(99.9) 

0.25±0.07 
(99.4) 

0.01±0.01 
(99.9) 

1.11±0.07 
(97.3) 

Phenanthrene (3) 15±2.1 3.55±0.42 
(76.1) 

0.09±0.03 
(99.4) 

0.17±0.03 
(98.9) 

0.06±0.02 
(99.6) 

4.44±1.21 
(70.2) 

Fluoranthene (4) 2.4±0.6 0.26±0.08 
(89.1) 

0.18±0.05 
(92.4) 

0.47±0.06 
(80.3) 

0.15±0.06 
(93.7) 

0.94±0.05 
(60.5) 

Pyrene (4) 14±1.1 0.96±0.00 
(93.2) 

0.77±0.09 
(94.5) 

2.97±0.43 
(78.9) 

0.29±0.03 
(97.9) 

3.23±0.81 
(77.0) 

Chrysene (4) 55±4.2 1.46±0.16 
(97.3) 

1.19±0.21 
(97.8) 

2.31±0.32 
(95.8) 

0.64±0.12 
(98.8) 

10.0±2.13 
(81.7) 

Benzo [a] 
anthracene (4) 4.1±1.2 1.15±0.03 

(71.8) 
1.05±0.01 

(74.3) 
2.59±0.61 

(36.5) 
0.82±0.10 

(79.9) 
2.64±0.57 

(35.3) 
Benzo [b] 
fluoranthene (5) 24±2.7 0.97±0.01 

(95.9) 
1.00±0.04 

(95.8) 
1.15±0.08 

(95.1) 
0.87±0.09 

(96.3) 
1.99±0.08 

(91.6) 
Benzo [k] 
fluoranthene (5) 2.6±0.3 1.07±0.08 

(59.4) 
0.98±0.03 

(62.9) 
0.81±0.03 

(69.3) 
1.27±0.31 

(51.9) 
1.27±0.21 

(51.9) 

Benzo[a]pyrene (5) 10.0±1.8 1.72±0.32 
(82.7) 

1.75±0.8 
(82.4) 

2.51±0.58 
(74.8) 

1.71±0.23 
(82.8) 

2.74±0.89
(72.5) 

Perylene (5) 5.1±2.0 1.52±0.28 
(69.9) 

1.81±0.45 
(64.2) 

2.15±0.01 
(57.4) 

1.94±0.18 
(61.6) 

2.52±0.23 
(50.1) 

Indenol [1,2,3-cd] 
pyrene (6) 10±2.9 2.98±0.01 

(70.6) 
1.50±0.47 

(85.2) 
2.59±0.63 

(74.4) 
1.35±0.41 

(86.7) 
4.35±1.16 

(57.1) 
Dibenzo [a,h] 
anthracene (5) 12±1.9 6.97±0.45 

(39.7) 
2.92±0.33 

(74.8) 
5.22±0.92 

(54.9) 
2.12±0.18 

(81.7) 
6.97±1.56 

(39.8) 
Benzo [ghi] 
perylene (6) 9.4±1.1 5.63±0.79 

(40.3) 
2.58±0.00 

(72.6) 
5.11±0.73 

(45.8) 
2.10±0.78 

(77.7) 
5.63±1.07

(40.3) 
Benzo [e] 
acephenanthrylene 
(5) 

3.9±0.1 0.93±0.13 
(75.9) 

0.98±0.05 
(74.6) 

1.09±0.03 
(71.8) 

0.81±0.05 
(79.0) 

1.93±0.33 
(50.0) 

§The number of benzene rings in different PAHs is given in the bracket. 
† Percent degradation of each PAH under different manure composting is provided in the bracket 
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3.6. Conclusion 
 

This study has shown that co-composting under controlled conditions can enhance microbial 

growth and activities. Temperature changes and pH values were within the accepted range in 

all the composting system with the compost materials used. There were no pH adjustments 

done in this experiment using lime water to suit the conditions of the experiment. The ammonia 

from the manure sources were the adjustment in pH values. In all the composting piles, 

microbial activities were favoured, including the control compost pile. The bulking agent 

(woodchip) played a vital role in the composting system's aeration. This ensured the 

maintenance of moisture level, pH, temperature, carbon dioxide evolution, and oxygen 

consumption, making the static-pile an aerobic composting system that enhanced microbial 

activities in the system. The increase and decrease in all parameters tested during the 

composting period showed that the reduction of hydrocarbon content might have been achieved 

within these periods, as shown in Table 3.6.  

The GC/MS used the detection rate, coupled with the powerful data manipulation and 

interpretation algorithms to provide full mass range analysis for the complex mixtures of crude 

oil sludge. Therefore, using an automated Soxhlet extractor quantified with GC/MS has 

demonstrated that Agilent J/W HP-5 ms Ultra Inert capillary GC column is good for 

determination and quantification of PAHs of low and high molecular weight (<0.01 to 98 

mg/kg) in co-composted samples. The results have shown that this column is an excellent 

choice for SVOCs analysis.   

However, it has been revealed that co-composting of crude oil waste sludge with animal 

manures could efficiently generate bacteria capable of degrading PAHs.  While these results 

are similar to those obtained in other studies of hydrocarbon biodegradation experiments, 

particularly those of weathered contamination of crude oil, it should be noted that crude oil 
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waste sludge has been reported to be inhibitory to microbial growth and not amenable to 

biodegradation (Sherry et al., 2014). The current results obtained indicate the effects of the type 

of composting approach used in this experiment. Thus, these results are unique and demonstrate 

that tailored composting of crude oil waste sludge with animal manure can achieve elevated 

levels of degradation of crude oil waste sludge components, suggesting that diverse and active 

microbial populations are responsible for the degradation. The isolation, identification, and 

characterization of these active degrading bacteria using molecular techniques are discussed in 

Chapters Four. 
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CHAPTER FOUR 
 

Isolation and Characterization of Adapted Bacteria Capable of Degrading Complex 
Crude Oil Waste Sludge Raised from a Tailored Co-Compost. 

 

4. Introduction 

  
Microorganisms are essential agents in the bioremediation of contaminants in the environment; 

thus, several research studies have reported the involvement of diverse and complex 

assemblages of aerobic and anaerobic bacteria as well as archaea for hydrocarbon 

biodegradation and associated nutrient recycling processes in hydrocarbon-contaminated 

environments (Atagana et al., 2003; Selvarajan et al., 2019). These organisms play significant 

roles in the detoxification of environmental pollutants by utilizing them as the sole source of 

carbon and energy for their growth and activities (Duran & Cravo-Laureau, 2016; Abatenh et 

al., 2017; Rosenblueth et al., 2018).  The co-composting of crude oil refinery waste sludge with 

animal manure generated a wide variety of adapted bacteria responsible for the degradation of 

crude oil refinery waste sludge and its components in the co-compost piles. Since they grew 

and survived in such compost systems using crude oil sludge components (PAHs) as their 

source of carbon and energy for their metabolic activities, therefore, it is paramount to identify 

these bacteria isolates both cultivable and uncultivable, which played a significant role in the 

degradation, digestion, metabolism, and transformation of crude oil refinery waste sludge into 

humus as well as inert products within the compost mixture. Remarkably, the isolation, 

identification, and characterization of these bacteria capable of degrading several components 

of petroleum hydrocarbons of less or more than five fused benzene ring PAHs is not new and 

have been reported in many studies (Katsivela et al., 2005; Atagana, 2008; Ubani et al., 2016). 
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Over the years, advanced molecular-based technologies have been developed in microbiology 

to enable a detailed elucidation of microbial community composition and function in any 

environmental samples. These advanced techniques were established for the genetic 

characterization of microbial communities of both cultured and uncultured microorganisms. 

They have become the most effective tool in identifying and characterizing bacterial diversity 

in any contaminated environmental samples (Boomer et al., 2002; Godheja et al., 2014). These 

advanced techniques are known as culture-dependent and culture-independent methods, used 

in many studies to determine the diversity and composition of metabolically active 

microorganisms in samples (Saman, 2010). The conventional culture-dependent methods 

always relied on distinct morphological, metabolic, and physiologic characteristics. This 

technique entails isolation and in vitro cultivation of microorganisms based on their vital 

growth factors on selective solid media, liquid assays, and Biolog substrate utilization plates 

(Torsvik & Øvreås, 2002; Saman, 2010). The results are often biased because the medium used 

in these methods is selective media that may select for certain organisms and leave out others. 

Most times, conventional cultivation methods detect only a small fraction of the organisms 

(Ubani, 2012). Moreover, microorganisms may be viable but not be able to replicate under 

stress conditions, and to study in detail, these microorganisms that can be detected are first 

isolated (Torsvik & Øvreås, 2002; Sofu, 2017). These challenges about cultivation methods 

have been realized, and it is a concern (Torsvik & Øvreås, 2002). Meanwhile, the culture-

independent method identifies both cultivable and uncultivable microorganisms, direct analysis 

of metabolically functional microorganisms. Feasibly, the most widely used now is the culture-

independent method, which involves direct extraction of total DNA from samples so that the 

cultivation bias is eliminated, polymerase chain reaction (PCR) amplification, and nucleotide 

sequence for identifying microbial diversity based on the analysis of the universal 16S rRNA 

gene sequences (universal primers) (Mokni-Tlili et al., 2009; Ínceošlu et al., 2010; Sonia et al., 
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2013). Thus, it is a reliable method used to detect diversity, quantity and occasionally detect 

any complex microbial communities viability in any sample (Ínceošlu et al., 2010; Saman, 

2010; Schöler et al., 2017).  

Thus, culture-independent technologies such as next-generation sequencing (NGS-Illumina 

MiSeq) have been employed to determine any complex microbial communities' diversity in 

any sample. Besides, NGS has been dynamic to analyse the abundance of individual bacteria 

diversity from phyla to genera level in a given environmental sample such that boycotts the 

time and challenges of isolation and purifying colonies for further application of both DNA 

extraction, PCR amplification, and sequencing (Sarkar et al., 2016). Adam et al. (2017) 

reported a study that characterized the potentials of PAH degraders in a soil-compost mixture 

using NGS techniques. They aimed at revealing the significant increase in composition and 

relative abundance of microorganisms present in a pyrene treatment sample from phyla to 

genera level during pyrene degradation. Their result showed that composting influenced the 

bacterial composition and relative abundance, and the degradation of pyrene (Seyedi et al., 

2013; Santisi et al., 2015; Adam et al., 2017).   

In this study, co-composting of crude oil refinery waste sludge with animal manure was 

developed as a tailored bioremediation technology, specifically to raise and generate a diversity 

of adapted endogenous bacteria populations (mesophilic and thermophilic bacteria) with a wide 

variety of capabilities to degrade complex crude oil waste sludge; therefore, elucidation of the 

detailed composition of microbial community and dynamics is essential. However, most of the 

bacteria may be uncultivable, making it difficult to identify them even though they played a 

significant role in the degradation, digestion, metabolism, and transformation of crude oil 

refinery waste sludge within the compost mixture. Hence, this study employed a backup and 

support of NGS-Illumina MiSeq as a molecular approach that could use gene specificity to 

characterize the relative abundance of potential PAH degraders present in the co-compost 
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samples. Besides, culture-dependent and culture-independent methods complemented each 

other (Ubani et al., 2016) and have been used to study the composition of more than 90% 

microbes (bacterial, archaeal, fungal) present in any samples via amplification and direct 

sequencing of single genes of total extracted DNA (metagenome) or RNA via cDNA 

(metatranscriptome), rRNA (rDNA). Notably, the retrieval of 16S, 18S, 23S rRNA, and  

Internal Transcribed Spacer (ITS) sequences for the assessment of microbial diversity require 

gene primer design pairs or sets depending on the binding sites, target group, or conserved 

regions (Amann et al., 1995; Schöler et al., 2017; Sofu, 2017; Imchen et al., 2019). The 

advantages are; all organisms harbour this gene, and their evolutionary relationship 

(phylogenetic group) can be deduced using this gene (Woese, 1987; Maidak et al., 1999; 

Coppola et al., 2001; Sofu, 2017).  During the procedure of amplification and sequencing, there 

are vital issues that are considered first to obtain a better result and avoid inhibition of the 

process, and they include PCR conditions, number of cycles, as well as quality and quantity of 

DNA template (10-20ng), primer design, amplicon size/length, catalytic enzyme domain, and 

phylogenetic resolution and specificity. To keep track of possible contamination from any of 

the reagents, a negative control is required because microbial DNA extraction kits and other 

amplification/sequencing materials could be contaminated before or during the process due to 

human error.  

In this study, a microcosm based culture-dependent and a culture-independent metagenomic 

approach were used to elucidate the nature of autochthonous microbial community structure 

and dynamics in the co-compost mixtures. Specifically, the effect of co-composting with 

pig/swine manure (SM), cow manure (CM), horse manure (HM), or poultry manure (PM) on 

generating potential biodegraders of crude oil sludge. Furthermore, the changes in native 

prokaryotic diversity composition, identity, and degradation potential, either individually or as 

consortia, of the adapted endogenous bacterial populations (mesophilic and thermophilic 
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bacteria) isolated from various manure co-compost piles was evaluated using cultural, 

molecular, and high throughput deep sequencing of 16S rRNA genes.  

Thus, the isolation, identification, and characterization of these active bacteria present in co-

compost piles were conducted to understand better their role in the degradation of crude oil 

sludge and select specific bacteria isolates suitable for the bioformulation experiment.   

4.1 Materials and Methods 
 

4.1.1 Culture dependent microbiological analyses 
 

The identity and degradation potential, either individually or as a consortium, of the adapted 

endogenous bacterial populations (mesophilic and thermophilic bacteria) isolated from various 

manure co-compost piles with crude oil waste sludge was evaluated using cultural and 

molecular sequencing of 16S rRNA genes, as listed and described below. 

4.1.2 Sample collection and preparation 

  
The compost piles in section 3.3, and Figure 3.3, was monitored for 10 months at room 

temperature for crude oil sludge biodegradation by microorganisms in a horticulture facility at 

the University of South Africa, Florida campus. Samples were collected randomly from each 

compost pile (of cow, horse, pig/swine, and poultry manures) in the first six months, and at the 

end of the 10th month, and each round of sample collection was pooled together for analysis. 

Enrichment cultures with mineral salt medium (MSM), isolation, and identification of 

organisms from the compost pile were conducted. The isolated bacteria population comprised 

a wide range of bacteria adapted to grow on the crude oil sludge amended soil. Isolation of 

these bacteria was by plating out on the mineral salt medium agar plates as a selective medium 

because interest was focused on bacteria species. Only bacteria that can grow and utilize crude 
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oil sludge are expected to grow on the mineral salt medium agar plates. All the procedures used 

are described below. 

4.1.3 Mineral salt medium (MSM) 

  
Mineral salts medium (MSM) per litre of distilled water was prepared contained; KH2PO4, 0.5 

g, MgSO4. 7H2O, 0.5 g, NaH2PO4. H2O, 0.5 g, NH4Cl, 0.5 g, NaCl, 4.0 g, the trace elements 

solutions contained in a (mg L-1 distilled water):  FeCl2.H2O, 1500 mg, NaCl, 9000 mg, MnCl2. 

4H2O, 197 mg, CaCl2, 900 mg, CoCl2. H2O, 238 mg, CuCl2.H2O, 17 mg, ZnSO4, 287 mg, AlCl3, 

50 mg, H3BO3, 62 mg, NiCl2.6H2O, 24 mg, Conc. HCl, 10 ml, adopted from Ubani, (2012). 

The media was prepared by dissolving all the components of the medium mentioned above in 

distilled water and diluted to 900 ml except Na2CO3, NaHCO3, and trace elements solution. 

This solution was dispensed into 250ml Erlenmeyer flasks and stoppered with cotton wool 

bungs wrapped in aluminium foil. Then, NaHCO3 and Na2CO3 were dissolved separately in 97 

ml of distilled water, and both were autoclaved at 121OC for 15 min. Solution was allowed to 

cooled to room temperature, then, NaHCO3 and Na2CO3 were dispensed equally into 250 ml 

Erlenmeyer flasks under aseptic conditions on a laminar flow bench. The trace elements 

solution described above were filter sterilized through a 0.2 µm Millipore filter membrane, and 

1 ml of each was added to the media in the 250 ml Erlenmeyer flasks, then, the media was used 

for the enrichment culture.    

4.1.4 Enrichment culture to isolate crude oil sludge degrading bacteria 
 

At all stages of isolation, a 100 ml sterile MSM was dispensed in each 250 ml flasks, then a 

pooled 15 g of each compost sample (a separate composite sample each of either cow, horse, 

pig, and poultry manures) was added to each flask. The flasks were spiked with 10 % (v/v) 

crude oil sludge. The control flasks without crude oil sludge were also set up, the same as 

described above, and shown in Figure 4.1. Crude oil sludge itself was also subjected to 
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enrichment culture to ascertain if there are bacteria present in crude oil refinery waste sludge 

used in this study. The flasks were stoppered with aluminium foil perforated, which were 

incubated at 30 ± 2OC for 21 days on a rotary shaker at 150 rpm in the dark. All treatments 

were duplicated. Then, 1 ml from each flask were aseptically subcultured into another set of 

250 flasks, each containing 100 ml of sterile MSM, spiked with 10% (v/v) crude oil waste 

sludge as the carbon source for the bacteria growth/activities,  and the mixture was incubated 

for another 21 days at 30 ± 2OC in a rotary shaker in the dark. The last subculture was used for 

the isolation and molecular identification of crude oil waste sludge degraders present in the 

enrichment cultures. Samples were withdrawn from each flask at the end of each incubation 

period, to determine the spiked crude oil sludge concentration using gas chromatography/mass 

spectrometry (GC/MS), the procedures were adopted from Ubani, (2012). 

 

 

  

Figure. 4.1.  Enrichment culture of co-compost sample to isolate crude oil sludge degrading 
bacteria. 
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4.1.5 Mineral salts agar (MSA) 
 

Mineral salts agar (MSA) was prepared by adding 20g of bacteriological agar into 900 ml of 

mineral salts medium, and the mixture autoclaved at 121OC for 15 min. The media was cooled 

to 50OC, and a 1ml trace element solution previously filtered through 0.2 µm membranes 

(Millipore) was added and mixed thoroughly before dispensing into Petri dishes under aseptic 

conditions. To each of the MSA plates, 50 µL of filter-sterilized crude oil sludge was added 

using a syringe fitted with a 0.2 µm disposable filter membrane and spread with a sterile glass 

rod spreader as the only source of carbon for bacteria growth/activity. The plates stood on the 

laminar flow for 24 hr to check for any possible contamination before they were used to isolate 

bacteria according to Ubani (2012).  

The nutrient agar plates were also prepared by mixing 31g of the nutrient agar powder in 1 litre 

of distilled water, and the mixture was autoclaved at 121OC for 15 min. It cooled to 50OC before 

pouring into petri dishes to solidify and was stored first under the laminar flow for about 24 hr 

to check for any possible contamination before use. All the preparation methods of MSM, 

enrichment culture, MSA, and isolation was adopted from (Ubani, 2012) and was amended to 

suit the present study. 

4.2 Isolation and identification of complex crude oil sludge degrading bacteria from 
enrichment cultures 
 

The enrichment cultures of complex crude oil sludge degrading bacteria were prepared 

according to Ubani, (2012), described in section 4.1.4, and bacteria were isolated by serially 

diluting the culture to 108 to reduce the bacterial load, using sterile test tubes and autoclaved 

distilled water. Then, 100ul of each of the serial dilutions from 10-6 to 10-8 was plated out on 

the mineral salts agar plates (MSA), and each plate was overlaid with 50 µL of crude oil sludge 

as described in section 4.1.5. All experiments were duplicated for all the samples. The plates 
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were sealed in plastic bags and incubated for 21-28 days at 30 ± 2OC and checked daily from 

the 21st day for bacteria growth to avoid overcrowding. Distinct colonies were picked from the 

mineral salt medium plates (MSA) using a sterilized disposable loop and were used to produce 

pure colonies on nutrient agar plates by serially diluting the colony to 103 using 3 sterile 

Eppendorf tubes. Then, 100ul of the serially diluted colony from the third dilution was plated 

out by inoculating on the nutrient agar plate, and the plates were incubated for 3 days at 30 ± 

2OC. All experiments were duplicated for all the samples. The colonies that grew on the nutrient 

agar plates were further purified using a streaking method to produce single and pure colonies. 

Further purification and first identification were carried out using the grams-reaction test, 

followed by molecular techniques adopted from Ubani, (2012). 

4.3 Grams-Reaction Test 

  
The grams-reaction test was first used to ascertain the colonies' purity and morphological 

characteristics before molecular identification. The gram-positive bacteria retained the 

primary stain (crystal violet), causing them to appear violet/purple under a microscope. 

While the gram-negative bacteria did not retain the primary stain, they instead retained 

secondary stain, which made them appear red/pink when viewed under a microscope. Thus, 

the gram-reaction test helped screen bacterial isolates that appeared the same under the 

microscope and prompted a proper selection for further molecular identification (Rollins and 

Joseph, 2000; http://www.life.umd.edu/classroom/bsci424 accessed on 17 July 2019; and 

according to Ubani (2012)).  

4.4 Genomic DNA extraction of bacteria isolated from the enrichment culture 
 

The fundamental nature of DNA in all organisms is very vital, and the knowledge of DNA is 

useful in practice and biological research on organisms because DNA contains all information 
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necessary for their identification. Thus, DNA extraction was carried out using the Quick gDNA 

Extraction Kit™ (Zymo Research Corporation, USA) according to the manufacturers’ 

instructions and protocols. The genomic DNA extraction procedures were carried out at room 

temperature (15 to 30OC), and all centrifugation steps were performed at 8,000 x g to 10,000 x 

g. Genomic lysis buffer was first prepared for optimal performance by adding βeta-

mercaptoethanol to a final dilution of 0.5% (v/v), which was about 500ul per 100 ml of the 

buffer. All samples used at this stage were pure/single colonies isolated from the enrichment 

culture using MSA media, which were further purified using the streaking method on nutrient 

agar media; they were also grown in the nutrient broth before DNA extraction. 

To prepare samples for DNA extraction, a 100mg (wet weight) of the sample resuspended in 

200ul of water or isotonic buffer (PBS) was added to a ZR BashingBeadTM lysis tube 

(0.1&0.5mm), and 750ul BashingBead buffer was added to the tube. The tube was secured in 

a bead beater filter with a 2 ml tube holder assembly, and it was processed at maximum speed 

for 5 mins. Then ZR BashingBeadTM lysis tube was centrifuged using a microcentrifuge at 

10 000x g for 1 min. After centrifugation, 400ul of the supernatant was transferred to a Zymo-

SpinTM III-F filter in a collection tube, and it was centrifuged at 8 000x g for 1 min. Then, 

1,200ul of Genomic lysis buffer was added to the filtrate in the collection tube, and 800ul of 

the mixture was first transferred to another Zymo-SpinTM IICR column in another new 

collection tube, which was centrifuged at 10 000x g for 1 min. Following this centrifugation, 

the flow-through was discarded, and the above step was repeated by transferring the remaining 

mixture to the Zymo-SpinTM IICR column and centrifuged at 10 000x g for 1 min. After, 

200ul DNA pre-wash buffer was added to the Zymo-SpinTM IICR column in a new collection 

tube, and it was centrifuged at 10 000 x g for 1 min, and 500ul gDNA wash buffer was added 

after that and centrifuged at 10 000x g for 1 min. Then, the Zymo-SpinTM IICR column was 

transferred into a clean 1.5ml microcentrifuge tube, and 100ul of the DNA Elution buffer was 
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added directly to the column matrix centrifuged for 1 min at 10 000x g to elute the DNA; thus, 

an ultra-pure DNA ready for use was eluted.  The purity of eluted DNA was assessed on 1.0% 

agarose gel with ethidium bromide solution, a fluorescent dye that interposes between nucleic 

acids bases, to allows very convenient detection of DNA fragments in the gel. A 1kb DNA 

ladder ready-to-use of concentration 0.1µg/µl was used as the DNA marker. The 1kb DNA 

marker contained storage and loading buffer 10Mm Tris-HCl (pH 7.6), 10mM EDTA, 0.025% 

orange G, 0.005% xylene cyanol FF and 10% glycerol. It was designed for a wide range of 

double-stranded DNA fragments on an agarose gel to access the DNA base pair size. It also 

contains three reference bands for easy orientation (6000, 3000, and 1000 base pairs). Gel 

loading dye (2X1ml 6X orange DNA loading dye) supplied contains 10mM Tris-HCl (pH 7.6), 

0.15% orange G, 0.03% xylene cyanol FF, 60% glycerol, and 60% Mm EDTA, also dense 

glycerol that allows the samples to fall into the sample wells. The loading dye has one or two 

tracking dyes (bromophenol blue or orange G and xylene cyanol dyes), which migrate in the 

gel and allows visual monitoring of the electrophoresis. The DNA marker (ladder) are loaded 

first in the first well. Then, 1ul of gel loading dye was dispensed with a micropipette on the 

laboratory parafilm, mixed with the sample of 5µl DNA template.  Then samples were loaded 

in the appropriate wells and recorded accordingly. The negative control that had only the 

loading dye and autoclaved distilled water without the DNA template was also loaded to check 

for possible contamination. The electrophoresis tank was closed with the lid, and the gel could 

run at 80 volts for 1hr. After 1 hr, the gel was viewed under ultraviolet (UV) light using Bio-

Rad Universal Hood II Gel Doc XR System, and the results were recorded. Then, samples were 

further quantified using a Nanodrop spectrophotometer (Nanodrop 2000, Thermo Scientific, 

Japan). The eluted DNA was ready for further molecular-based analysis and applications. The 

DNA templates were stored at -20OC and were used for DNA amplification (16S rDNA) using 
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the PCR technique as described below, these methods/procedures were adopted from Ubani, 

(2012). 

4.4.1 Polymerase chain reaction (PCR) and sequencing 
 

This technique is used to amplify a specific DNA region, such as 16S rDNA, across several 

magnitude orders. Millions of copies of the DNA sequence are generated. This method uses a 

thermal cycler that involves the cycles of repeated heating and cooling of the reaction for 

melting and enzymatic replication of the DNA. Primers (short DNA fragments) contain 

sequences complementary to the target region and DNA polymerase that are vital components, 

which enable selective and repeated amplification. As the PCR proceeds, the DNA generated 

is used as a template for replication, setting a chain reaction in motion such that the DNA is 

amplified. The basic PCR set up requires several components and reagents which form the PCR 

master mix.  

One Taq Quick load 2X master mix with standard buffer aliquot for the PCR reaction was 

dispensed into individual PCR tubes, and different DNA template samples were added to each 

tube.  The negative control was used to check for contamination in the PCR master mix. The 

PCR convenient quick-load master mix formulation contains dNTPs, MgCl2, buffer 

components, stabilizers, and two commonly used tracking dyes for DNA gels. On a 1% agarose 

gel in 1X TAE, Xylene Cyanol FF migrates at ~4 kb, and Tartrazine migrates at ~10 bp. Both 

dyes are present in concentrations that do not mask comigrating DNA bands. To each tube, 

One Taq Quick-load 2X master mix with standard buffer was added (12.5 µl), 16S universal 

primers (primer1 0.5 µl forward 27F (5′–3′: AGA GTT TGA TCC TGG CTC AG), and primer2 

0.5 µl reverse 1492R (5′–3′: ACG GCT ACC TTG TTA CGA CTT), sterile sabax water (9.5µl) 

and DNA samples (2 µl), the reaction amounted to 25µl in each tube. The PCR reactions were 

performed using MJ Mini thermal cycler (Bio-Rad, Hercules, CA, USA), and the conditions 
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were as follows: (a) initial denaturation 10s at 95OC for 1 cycle. (b) then, 35 cycles of 

denaturation at 95OC for 30 seconds; this caused the DNA template to melt by disrupting the 

hydrogen bonds between complementary bases, yielding single DNA strands. (c) Annealing at 

53OC for 1min, the temperature is lowered to allow annealing of the primers to the single-

stranded DNA template in this step. Stable hydrogen bonds of DNA-DNA are formed when 

the primer sequence closely matches the template sequence. The polymerase binds to the 

primer-template hybrid, then DNA synthesis begins.  (d) Elongation at 72OC for 2 minutes; at 

this stage, the DNA polymerase synthesizes a new DNA strand complementary to the DNA 

template strand by adding dNTPs complementary to the template 5/ to 3/ direction. This is by 

condensing the 5/-phosphate group of the dNTPs with the 3/-hydroxyl group at the end of the 

nascent (extending) DNA strand. All steps in denaturation, annealing, and elongation were for 

35 cycles and (e) final elongation 10 minutes at 72OC for 1 cycle; this ensures that any 

remaining single-stranded DNA is fully extended. The reaction was held at 4OC to infinite until 

the amplicons were removed from the thermal cycler. The amplicons were then assessed by 

running the samples on 1% agarose gel electrophoresis (with ethidium bromide solution and 

100 base pair marker); the gel could run at 80 volts for 1hour. The negative control that contains 

only the master mix and sterile sabax water without the DNA template was loaded to check for 

contamination in the PCR master mix.  The gel was viewed using the Gel Doc imager (Bio-

Rad). PCR products were sent to Inqaba Biotechnical Industries (Pty) Ltd in Pretoria, South 

Africa, for purification and sequencing using 16S universal primers (907R (5′–3′: 

CCGTCAATTCMTTTRAGTTT). The sequencing of the PCR products determines the 

nucleotide order of a given DNA fragment. The sequence of DNA encodes the necessary 

information for organisms. Therefore, determining the sequence is useful in their fundamental 

identification. All the preparation methods was adopted from (Ubani, 2012) and was amended 

to suit the present study. 
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4.4.2 Sequencing analysis 
 

The sequencing analysis was done at the Inqaba Biotechnical Industries (Pty) Ltd in Pretoria, 

South Africa, using the automated DNA sequencer (Perkin-Elmer) according to the 

manufacturers’ instructions and protocols. The DNA sequencer uses capillary electrophoresis 

for size separation, detection, dye fluorescence recording, and data output as fluorescent peak 

trace chromatograms. The machine consists of two parts (a) the gel electrophoresis apparatus, 

which performs a classical separation of the molecules according to weight. (b) the data 

acquisition and analysis system comprise a moving module combining an argon laser and a 

charge-coupled device (CCD) camera, data collection software, data analysis software, and a 

Macintosh computer. The sequencing reaction product is loaded in a single lane, and the 

fragments are size separated by the capillary process. An electric field is applied between the 

two ends of the capillary. The DNA migrates through the capillary taken at different times. 

This is because DNAs are negatively charged, and the fragments vary in lengths. The different 

extension products, each labelled with a specific fluorescent terminator dye, separates 

according to weight all along with the electrophoresis. They come at the bottom of the gel, and 

they move through the read region. There, the laser of the moving module excites the 

fluorescent dye. Each dye emits its specific signal, which is collected by the CCD camera. The 

signal is recorded and treated by the data collection software. 

Several commercial and non-commercial software packages can trim low-quality DNA traces 

automatically. These programs score each peak’s quality and remove low-quality base peaks 

seen at the end of the sequence. The raw data appears as electropherograms, which shows the 

fluorescence peak emitted by each base. The corresponding names of the base called by the 

machine software are also shown. The raw data (electropherograms) are edited by controlling 

and reshaping using the edit-view or auto assembler software. This is done by opening the edit-

view and the sequencer data. The base is controlled by checking all along the sequence if the 
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base calling is correctly translated by the appropriate letter. If there is any error, it is then 

corrected, and ambiguities were resolved manually. Then the sequences are trimmed by 

removing the beginning and ending unsecured parts. The edited sequences are saved in an 

exportable file format for blasting. 

4.4.3 Basic local alignment search tool (BLASTing) of DNA sequences 
 

This is used to check and compare the DNA sequences with the known nucleotide sequences 

on the GenBank database. It was done on the blast program with the NCBI link available online. 

The edited sequences are copied in a fasta format form, pasted on the link and the program 

allowed to run. Results from the database sequences show alignments in different colours. The 

lists of sequences produced significant alignments, along with the scores and E values. The 

scores are functions of the match's length with the pasted sequence query and the quality of the 

match. The E value indicates the probability of a match happening by chance. The first entries 

at the top of the list are most likely related to the pasted sequences. This means that the higher 

the scores, the more excellent the match's quality and the number of bases that matched. The 

bacteria sequences from each treatment, control, cow, horse, pig, and poultry, were edited and 

aligned differently using the online version of MAFFT software, and all positions containing 

gaps and missing nucleotide data were eliminated from the dataset. The phylogenetic analyses 

were done using Mega 7 software, and the evolutionary distance of the isolates was computed 

using neighbour-joining (NJ) methods. The bootstrap consensus tree was inferred from 1000 

replicates. All the preparation and methods was adopted from (Ubani, 2012) and was amended 

to suit the present study. 

4.5 Characterisation and Screening of Crude Oil Sludge Degrading Bacteria 
 

In this study, the instruments, methods, procedures, and protocols used were based on 

availability, such that helped evaluate bacterial behaviour in nature or experimental systems, 
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also for the establishment and proliferation of the microorganisms specifics to the desired 

screening process for the microbial growth and activities during their thrives on degrading or 

utilizing crude oil sludge as their specific carbon or substrate sources. 

4.5.1 Crude oil sludge (PAH) biodegradation screening test 
 

The bacteria's capabilities to grow and utilize hydrocarbons were tested on crude oil sludge, 

Pyrene, Anthracene, and diesel oil.  Mineral salts agar plates were prepared as described in 

section 4.1.5 above. To different sets of each of the (MSA) plates, 50ul of either filter-sterilized 

oil sludge, Pyrene, Anthracene, and diesel oil was added using a syringe fitted with a 0.2 µm 

disposable filter membrane and spread with a sterile glass rod spreader as the only source of 

carbon for the bacteria growth. The plates stood on the laminar flow for 24 hr to check for any 

possible contamination. Screening of bacteria capability to grow and utilize hydrocarbons was 

done by inoculating 100ul of bacteria isolates on mineral salts agar plates overlaid separately 

with 50ul of either oil sludge, Pyrene, Anthracene, and diesel oil; the plates were incubated at 

37 OC for 3–7 days. All experiments were duplicated for all the samples. The plates were 

checked daily for bacteria growth, and the results were recorded. 

4.5.2 Biodegradation screening Test with 2,6-dichlorophenol indophenol 

  

Crude oil sludge degrading bacteria were screened further by inoculating 100ul of each isolate 

separately into test tubes containing 5ml Bushnell Hass broth and incubated for 24 hr at 37 OC 

at 180 rpm. After 24 hr, a mixture of 0.5% (w/v) 2,6-dichlorophenol indophenol (2,6-DCPIP), 

0.1% Tween 80 and 3% (v/v) of crude oil sludge each was introduced into the tubes. The 

procedure was repeated using anthracene, diesel oil, and pyrene separately. The treatment was 

incubated for 7 days at 28 OC under rotatory conditions and monitored daily for colour change 

from blue to colorless. The control treatment was prepared without inoculum. On or before the 
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end of 7days, colour change was observed, then the liquid medium was filtered, separating the 

biomass. The centrifugation of the filtrate was for 15 min at 8000 x g, and the supernatant was 

collected for analysis using a 600nm ultraviolet-visible (UV-VIS) spectrophotometer. The 

percentage biodegradation and utilization level of hydrocarbons were calculated by: 

Percentage degradation = 1 -    Absorbance of treated sample   x 100  
      Absorbance of control  
 

4.5.3 Screening for Enzymes Production and Activities 
 

Enzymes play vital roles in detoxifying pollutants, having unique mechanisms in the 

degradation of hydrocarbons. Enzymes have lower substrate specificity making them useful in 

degrading recalcitrant pollutants, and for the metabolism of PAHs to occur effectively, 

hydrocarbon-degrading enzymes are present. The initial degradation of hydrocarbons may be 

catalysed by mono and dioxygenase enzymes. These enzymes gradually oxidize hydrocarbons 

to alcohol and aldehydes in the presence of oxygen, producing acids that finally follow a 

metabolic pathway to produce carbon dioxide (CO2) and water (H2O) (Sharma et al., 2018; 

Varjani & Upasani, 2017). The capability of bacteria isolates to produce enzymes were 

screened and tested by growing them in the right media. Also, to note the catalytic-oxidation 

background necessary to establish which of the bacteria were positive in producing any of the 

enzymes amylase, cellulase, lipase, and protease, which may indicate their contribution 

towards crude oil sludge degradation.  

4.5.3.1 Screening and assessment for cellulase production by degrading bacteria 
 

The ability of the degrading bacteria to produce cellulase that may catalyse or oxidize the 

degradation of crude oil sludge was determined by inoculating bacteria isolates on agar media 

containing 0.2% (w/v) carboxymethylcellulose sodium salt (CMC), 1% agar (w/v), and 

minimal salt media. The agar media was prepared, and it contained, in g/L, bacteriological agar 
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20, MgSO4 0.2, CaCl2 0.02, KH2PO4 1.0, K2HPO4 1.0, NH4NO3 1.0, FeCl3 1.0, and yeast 

extract 5.0, 0.2% (w/v) carboxymethylcellulose sodium salt (CMC). The media pH was 

adjusted to 7.0, autoclaved and cooled to 50OC, then dispensed into Petri dishes aseptically to 

solidify and stored first under the laminar flow for 24 hours to check for contamination before 

use. After that 24 hr, 100ul of 24hr old bacteria culture was inoculated on the agar plates and 

incubated for 7 days at 27OC. After 7 days, hydrolysis zones were visualized by flooding the 

plates with 0.1% Congo Red stain (Glass World, Johannesburg, South Africa) for 15 min, 

followed by destaining with 1 M NaCl, and results were recorded. 

4.5.3.2 Screening and assessment for lipase production by degrading bacteria 

  
The capability of degrading bacteria to produce lipase that may catalyse or oxidize crude oil 

sludge degradation was screened by inoculating bacteria isolates on rhodamine B-olive oil-agar 

media. The agar media contained, in g/L, bacteriological agar 20, MgSO4 0.2, CaCl2 0.02, 

KH2PO4 1.0, K2HPO4 1.0, NH4NO3 1.0, FeCl3 1.0, and yeast extract 5.0. The media’s pH was 

adjusted to 7.0, autoclaved and cooled to about 50OC, then olive oil 31.25 ml and 10 ml of 1.0 

mg/ml rhodamine B solution was added to media with vigorous stirring to mix, then dispensed 

aseptically into petri dishes to solidify, stored under the laminar flow for 24 hr for 

contamination before use. Then 24hr old bacteria culture was inoculated on agar plates and 

incubated for 7 days at 27OC. After 7 days, plates were viewed under UV irradiation for 

identification of lipase production via the formation of orange fluorescent halos around bacteria 

colonies because of the hydrolysis of substrate, and results were recorded. 

4.5.3.3 Screening and assessment for amylase production by degrading bacteria 
 

Starch agar was used to detect starch hydrolysing bacteria that may catalyse or oxidize the 

degradation of crude oil sludge. Starch agar plates were prepared by suspending 15 g of nutrient 

agar, 5 g of yeast, and 20g of soluble starch in 1 litre of distilled water. The mixture was 
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sterilized by autoclaving at 121OC for 15 min, cooled to 50OC, then dispensed into Petri dishes 

to solidify and was stored first under the laminar flow for 24 hr to check for contamination 

before use. The bacteria isolates were first inoculated into test tubes containing Bushnell Hass 

broth, incubated for 24 hr at 37 OC at 180 rpm to grow. Then, the 24-hr culture was inoculated 

on starch-agar plates by streaking method and were incubated at 37OC for 5 days; at the fifth 

day of incubation, plates were flooded with iodine solution (iodine – 0.2%, KI – 0.4%, water 

100ml or Gram’s iodine). Starch hydrolysis of a colourless zone surrounding the colonies 

indicated amylase production. A blue-black zone indicates that starch was not hydrolysed. 

Those with a clear zone was recorded, selected, and stored for further studies. 

4.5.3.4 Screening and assessment for protease production by degrading bacteria 
 

Skim milk agar was used to screen bacteria for proteolysis activity and their hydrolysing casein 

capability that may catalyse or oxidize crude oil sludge degradation. Proteolytic bacteria use 

the enzyme caseinase to hydrolyse casein and form soluble nitrogenous compounds in a clear 

zone around the colonies. Skim milk agar plates were prepared by dissolving 120g of skimmed 

milk in 1 litre distilled water, and 20g of bacteriological agar was added, thoroughly mixed, 

and sterilized by autoclaving at 121OC for 15 min, cooled to 50OC before dispensing into Petri 

dishes to solidify and was stored first under the laminar flow for about 24 hr to check for 

contamination before use. The bacteria isolates were first inoculated into test tubes containing 

Bushnell Hass broth, incubated for 24 hr at 37OC at 180 rpm to grow. The 24-hr culture was 

inoculated on the skimmed milk-agar medium by streaking method, and the plates were 

incubated at 37OC for 48hr after 48hr of incubation plates were observed, and those with clear 

zone around the colonies were recorded, selected, and stored for further studies. 
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4.5.4 Screening for biosurfactant production by degrading bacteria 

  
Biosurfactants are structured and diverse group of surface-active molecules synthesized by 

microorganisms. Biosurfactants classified by their chemical structure, microbial origin and are 

made up of hydrophilic moiety, comprising of acid, peptide cations, or anions, mono-, di- or 

polysaccharides, and a hydrophobic moiety of unsaturated or saturated hydrocarbon chains of 

fatty acids. Their structures confer a wide range of properties, such as the ability to lower 

surface and interfacial tension of liquids, form micelles and microemulsions between two 

different phases. The biosurfactants reduces surface and interfacial tensions in both aqueous 

and hydrocarbon mixtures in a molecule form. This makes them essential agents for enhancing 

the effective uptake and bioavailability of PAHs, biodegradation as well as oil recovering by 

microorganisms (Bayoumi, 2009; Liu et al., 2011; Bezza et al., 2015; Shekhar et al., 2015; 

Bezza & Chirwa, 2017; Patowary et al., 2017; Varjani & Upasani, 2017). Microorganisms 

possess the ability to biosynthesize biosurfactants and grow on immiscible carbon sources, 

such as hydrocarbons (Banat et al., 2010). Biosurfactants also possess several advantages over 

chemical surfactants. These numerous abilities include lower toxicity, higher biodegradability, 

better environmental compatibility, higher foaming, high selectivity as well as specific activity 

at extreme temperatures, pH, and salinity; they also possess the ability to be synthesized from 

renewable feedstocks (Desai & Banat, 1997; Shekhar et al., 2015; Bezza & Chirwa, 2017). 

Given these properties, they have steadily gained increased significance in industrial and 

environmental applications such as bioremediation, soil washing, enhanced oil recovery, and 

other general oil processing and related industries (Banat et al., 2010). 

Thus, bacteria isolates were further screened for biosurfactant production according to the 

protocol by (Parthipan et al., 2017) and modified to suit the present study.  The screening was 

conducted by inoculating 100 ul of each isolate into 5 ml nutrient broth in a 15 ml glass test 
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tube incubated for 24 hr at 30OC in a rotary shaker at 150 rpm. Then, 100 ul from the overnight 

(24hr) culture was transferred into a 5 ml MSM (as described above in section 4.1.3) 

supplemented by adding 2 ml trace element solution, 2% glucose (w/v), and 100 ul of filter-

sterilized crude oil sludge was added using a syringe fitted with a 0.2 µm disposable filter 

membrane as a source of carbon for the bacteria growth/activity. Then, mixture was incubated 

in a rotary shaker at 150 rpm and 30OC for 7 days. After 7 days, the mixture was centrifuged 

at 8,500x g at 4OC for 10 min. The supernatant was then collected to test for oil displacement 

and drop collapse screening tests to confirm biosurfactant production by isolates. Also, to note 

the background necessary to establish which of the bacteria were positive in producing 

biosurfactant capable of emulsifying or dispersing crude oil sludge and its components, making 

them available for bacteria growth and activities indicating their contribution towards crude oil 

sludge biodegradation.  

4.5.4.1 Oil displacement 

  
The oil displacement test was conducted to ascertain if biosurfactant produced could emulsify 

or dispersing crude oil sludge and its components, making them available for bacteria growth 

and activities indicating their contribution towards crude oil sludge biodegradation.  The test 

was done by over-laying 1ml of crude oil sludge on the surface of 40ml of distilled water in a 

petri dish.  A drop of the supernatant previously collected, as described above in section 4.5.4, 

was added to the crude oil sludge surface in the petri dish. The clear zone in diameter on the 

oil surface was measured. Negative control was conducted on distilled water without 

supernatant, in which no oil displacement or clear zone was observed. Tween 80 was used as 

the positive control in which a right oil displacement or clear zone was observed and measured 

after a drop. The results were recorded. 
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4.5.4.2   Drop collapse 
 

A drop collapse test was conducted to ascertain if biosurfactant produced could emulsify or 

dispersing crude oil sludge and its components, making them available for bacteria growth and 

activities indicating their contribution towards crude oil sludge biodegradation. The test was 

conducted by adding a drop of the supernatant previously collected as described above in 

section 4.5.4 on the crude oil sludge surface in the petri dish, and the oil sludge was dispersed.  

The negative control used was distilled water, and Tween 80 as a positive control that also 

dispersed crude oil sludge. The results were recorded. 

4.5.4.3   Emulsification index test 
 

The isolate capacity to show its emulsification index was tested to ascertain if biosurfactant 

produced could emulsify or dispersing crude oil sludge and its components, making them 

available for bacteria growth and activities indicating their contribution towards crude oil 

sludge biodegradation. The emulsification index was measured by adding 1.5ml crude oil 

sludge to the 1.5ml supernatant sample previously collected as described above in section 4.5.4, 

used for oil displacement and drop collapse test. It was then vortexed at maximum speed for 4 

min, then it stood for 24 hr at room temperature, and positive control with Tween 80 was set-

up. The height of the emulsion was measured after 24hr. Then percentage emulsification index 

was calculated as follows: 

E24 = Height of emulsion formed   
X 100 

           Total height of solution  
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4.5.5 Molecular screening for catabolic genes: 16S rRNA and Catechol 2,3-dioxygenase 
(C23O) Gene Profiling in bacteria isolates 
 

The catechol‑2, 3‑dioxygenase genes in bacteria isolates was detected essential because 

catechol-2,3-dioxygenase is an extradiol dioxygenase in the metabolism of aromatic rings by 

bacteria. Cleavage of aromatic rings has been the most vital function of dioxygenases, which 

plays a significant role in bacteria degradation of aromatic compounds for single and multi-

ring aromatic compounds, readily degraded to the TCA cycle metabolites (Obi et al., 2016). 

PCR was performed on DNA templates of selected bacteria isolates based on the isolates that 

showed positive results on other screening above. Specific primers C23OF forward (5′-AAG 

AGG CAT GGG GGC GCA CCG GTT CGA-3′), and C23OR reverse (5′-TCA CCA GCA 

AAC ACC TCG TTG CGG TTG CC-3′) adopted from Obi et al. (2016) were used to amplify 

the catechol-2, 3-dioxygenase genes in a 25μl PCR reaction. To each tube, One Taq Quick load 

2X master mix with standard buffer was added (12.5 µl), primers (primer 0.5 µl forward 

C23OF) and (primer 0.5 µl C23OR reverse), sterile sabax water (9.5µl) and DNA extracted 

samples (2 µl). The PCR reactions were performed using MJ Mini thermal cycler (Bio-Rad, 

Hercules, CA, USA) as follows: Initial denaturation 1 cycle at 98 OC for 10s, followed 

denaturation by 34 cycles at 98 OC for 1s, annealing at 55 OC for 1 min and elongation at 72 

OC for 15s. A final extension/elongation step at 72 OC for 1 min for 1 cycle. The reaction was 

held at 4 OC to infinity in the thermal cycler. The amplicons were then assessed by running 1% 

agarose gel electrophoresis (with ethidium bromide solution and 100 bp marker) as described 

in section 4.4.1. above. 

4.5.6 Antagonistic test on degrading bacteria consortium 

  
The bacteria consortium’s antagonistic activities were tested in a media (MSM described above 

in section 4.1.3) since the anticipated bioformulation would comprise the consortia of bacteria 
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isolates. This test revealed bacteria antagonistic ability to suppress other bacteria isolates 

prevalence and severity when combined as a consortium in the media. It was also designed to 

test the antagonistic capability of bacteria to grow and oxidize hydrocarbons as carbon sources 

and produce the cellular fatty acid composition.  

Antagonistic test on bacteria consortia (BC) was built in 100 ml MSM amended separately 

with 10% (v/v) of either anthracene, pyrene, or crude oil sludge (where BC1: amended with oil 

sludge, BC2:  amended with pyrene and BC3: amended with anthracene) as carbon sources, 

and the mixture was thoroughly mixed, then 100ml of bacteria consortium (grown in MSM) 

was also added, and sealed with a rubber stopper and placed in an orbital shaker incubator at 

150 rpm in the dark at 25OC for 30 days. At the end of 30 days incubation time, samples were 

withdrawn to determine survived bacteria species using metagenomics sequencing analysis by 

Illumina MiSeq, fatty acid analysis, and scanning electron micrograph (SEM) were also 

conducted on the samples at the Physics Department Laboratory University of South Africa, 

Florida Campus as described below. 

4.5.6.1 Fatty acid analysis performed on the bacteria consortia amended with 
hydrocarbons 
 

Fatty acids are biosurfactants of either low or high-molecular-weight compounds (Neu, 1996; 

Banat et al., 2010; Thavasi et al., 2011; Bustamante et al., 2012; Kubicki et al., 2019). They 

have been studied because of their high production yield and application potential with 

excellent interfacial and biological activity (Banat et al., 2010). They are formed by different 

types of mono, di-, tri- and tetra-saccharide carbohydrates in combination with hydrophobic 

fractions of one or more long-chain fatty acids or hydroxyl fatty acids (Banat et al., 2010; 

Cortés-Sánchez et al., 2013).  Biosurfactants are characterized by their low critical micelle 

concentration (CMC) and various functional properties such as emulsification /de-
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emulsification, dispersing, foaming, viscosity reducers, solubilizing, and mobilizing agents as 

well as pore-forming capacity permitting their use in many areas (Mnif & Ghribi, 2015). 

Hence, the quantification of bacterial fatty acids by extraction and methylation was conducted 

on the samples at the end of 30 days incubation time.  This protocol describes the extraction 

and methylation of fatty acids from bacteria cultures separately amended with either crude oil 

sludge, anthracene, and pyrene in MSM based media (where BC1: amended with oil sludge, 

BC2:  amended with pyrene, and BC3: amended with anthracene) as carbon source. Methyl 

heptadecanoate ( ≥ 99% purity from Sigma-Aldrich, catalog number: 51633, a. Heptadecanoic 

acid (C17:0) (99% + pure), b. Pentadecanoic acid (C15:0) (99% + pure), c. 1,2-

dipentadecanoyl-sn-glycero-3-phosphoethanolamine in chloroform (99% + pure) was used as 

the internal standard, and the external standards were the methyl esters of fatty acids quantified 

at a known concentration (catalog number: 18918-1AMP).  A 2.5ml cell culture (48hr) was 

collected in a glass centrifuge tube, and 50ug of internal standard was added to the culture. 

Then, glacial acetic acid 100µl was added to acidify the culture, and the mixture was carefully 

vortexed to mix. 

After vortex, 5ml of 1:1 (v/v) mixture of chloroform and methanol was added with a glass 

pipette and was vortexed thoroughly to mix. It was then centrifuged for 10 min at 1,000 x g. 

The upper aqueous layer and all cell debris at the interface were removed using a vacuum line 

or aspirator. The chloroform extract was evaporated under a nitrogen stream, leaving a dried 

residue in the tubes. The residue was then lyophilized for 30-60 min to remove any remaining 

water. For total fatty acid extraction (free fatty acids and bound fatty acid species by acid 

catalysis), 0.5 ml of anhydrous 1.25 M HCl in methanol was added to the dried extract in the 

tube tightly capped, and the tube was heated at 50OC overnight. Then, the tubes were cooled to 

room temperature. After cooling, 0.5 ml of high-resolution gas chromatography grade hexane 

was added, and the tubes were tightly capped as hexane is highly volatile. Then, 5 ml of a 100 
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mg/ml NaHCO3 aqueous solution was added. The addition of bicarbonate quenches the acid-

catalysed reaction. Tubes were vortex thoroughly and centrifuge at room temperature for 10 

minutes at 1,000 x g to create a stable interface. Then, 0.5 ml of the top hexane layer was 

collected, ready for GC analysis. The analysis by GC/MSD of bacteria lipids was conducted 

using an Agilent 7890 GC with a 30 m x 0.25 mm HP 5-ms capillary column: Injection was 1 

μl using a 1:10 split ratio of helium as a carrier gas, the oven temperature was 100OC for 2 min,  

and another oven temperature of 150OC for 4 min, a ramp of 250OC at a rate of 4OC/min. All 

quantification analysis was performed in duplicates, and results were recorded.  

4.5.6.2 Scanning electron microscopy 

  
At the end of 30 days incubation time of the antagonistic test, liquid cultures of MSM based 

media amended separately with either Anthracene, Pyrene, and oil sludge (where BC1: 

amended with oil sludge, BC2:  amended with pyrene, and BC3: amended with anthracene) 

was centrifuged at maximum speed for 10 min to form the cells pellet and the supernatant was 

discarded. The pellets were resuspended in 5% Glutaraldehyde prepared in 0.1M phosphate 

buffer, pH 7.2 for 30 min, and sample centrifuged for 10 min and the supernatant discarded 

and the process repeated. The pellet was resuspended for 1 hr in 1% Osmium tetroxide prepared 

in a 0.1M phosphate buffer. After 1 hr, the sample was centrifuged, and the supernatant 

discarded. The pellet was resuspended in distilled water for 10 min; after 10 min, samples were 

centrifuged for 10 min and the supernatant discarded. The samples were dehydrated/washed 

through the ethanol series as follows, centrifuging and discarding only the supernatant for each 

ethanol change: 35 % Ethanol for 10 minutes, 50% Ethanol for 10 minutes, 75% Ethanol for 

10 minutes, 95% Ethanol twice for 10 minutes each, and then absolute Ethanol for 10 minutes 

each. The supernatant was discarded, and the sample vials with the cells were left in a 

desiccator to air-dry at room temperature overnight. The dried cells (lyophilization) were 
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mounted on SEM metal stubs (aluminium holder) with double-sided sticky tape. The samples 

were coated with electrically conductive material made of alloyed of 10nm gold and palladium 

using a high-resolution sputter coater (gold for high secondary electron output and palladium 

to provide contiguous surface). Samples were examined using a JOEL (JSM-IT 300) scanning 

electron microscope at a fast-tracking voltage of 5.0kV tracked by the SEM, and results were 

recorded.  

 

4.6 Culture Independent and High-throughput Metagenomic Sequencing Analyses 
 

4.6.1 DNA Extraction, Library Preparation, and Sequencing 
 

Metagenomics analysis was conducted to reveal detailed and extensive information of both 

cultivable and uncultivable dominant microbial diversity direct from the co-composted 

samples. The instrument used for metagenomic analysis was the Illumina MiSeq system, which 

takes about 96 samples or more, and for identification, samples were labelled and coded. 

Samples from this study and other samples were prepared and sequenced simultaneously. The 

samples from this study were coded Cow compost CM = LM1, Pig/swine compost SM = LM2, 

Poultry compost PM = DM1, Horse compost HM = DM2, Control sample without the 

amendment of any animal manure CT = SM1 and SM2. Then lastly, bacterial consortium = BC 

were pure isolates (consortia) used for antagonistic test: (BC1: = amended with oil sludge, 

BC2: = amended with pyrene and BC3: = amended with anthracene). The homogenized 

samples 15g was suspended in 50 ml phosphate saline buffer (PBS) overnight and centrifuged 

at 12,000 rpm for 5 mins at 4OC.  The supernatants were subjected to total DNA extraction, 

while bacteria consortium samples BC1, BC2, and BC3 were used directly for total DNA 

extraction. The extraction was done using the Quick gDNA Extraction Kit™ (Zymo Research 

Corporation, USA) according to the manufacturer’s protocol and instruction, as described in 
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section 4.4 above. The purity of the eluted DNA was checked on 1.0% agarose gel with 

ethidium bromide solution. Then samples were further quantified using a Nanodrop 

spectrophotometer (Nanodrop 2000, Thermo Scientific, Japan). The extracted DNA having 

A260: A280 ratios between 1.8–2.0 and DNA concentrations of 20–150 ng/μL were used for 

downstream library preparation and sequencing on Illumina MiSeq 250 platform with v3 

chemistry (2x300 cycles kit) (Illumina Inc., San Diego, CA, USA) as described by Selvarajan 

et al. (2019). Polymerase chain reaction (PCR) was performed twice in stages with different 

primers, firstly on the extracted DNA samples using two different universal bacterial primers. 

To each tube, One Taq Quick-load 2X master mix with standard buffer was added (12.5 µl), 

16S universal primers (primer1 0.5 µl forward 27F (5′–3′: AGA GTT TGA TCC TGG CTC 

AG), and primer2 0.5 µl reverse 1492R (5′–3′: ACG GCT ACC TTG TTA CGA CTT), sterile 

sabax water (9.5µl) and DNA samples (2 µl). The PCR reactions were performed using MJ 

Mini thermal cycler (Bio-Rad, Hercules, CA, USA) were conditioned as follows: initial 

denaturation 1 cycle at 95OC for 10 s, followed by 34 cycles of denaturation at 95 OC for one 

second, annealing step at 53 OC for 1 min and the elongation/extension stage at 72 OC for 15 s. 

A final extension/elongation at 72 OC for 1 min performed for 1 cycle. Then, reactions were 

held at 4 OC until the amplicons were removed from the thermal cycler. The PCR product was 

assessed for purity by running the amplicons on 1% agarose gel electrophoresis (with ethidium 

bromide solution and 100 bp marker) described in section 4.4.1 above.  The second polymerase 

chain reaction (PCR) was performed on the first PCR product using another set of universal 

bacteria primers 27F (5-AGAGTTTGATCCTGGCTCAG-3) (Saiki et al., 1988) and 518R (5′-

GTATTACCGCGGCTGCTG G-3) (Muyzer, Waal, & Uitierlinden, 2008), targeting the 

variable region V1-V3 of the conserved bacterial 16S ribosomal DNA (16S rRNA gene). 

Polymerase chain reactions (PCR) were prepared using 25 μl of one Taq 2X Master Mix 

(kappa), nuclease-free water 22 μl, forward 1.5 μl and reverse 1.5 ul primers at a concentration 
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of 0.2 μM and 2 μl of extracted DNA (50–100 ng μL−1), the reaction amounted to 50 µl in 

each tube. The PCR reactions were performed using MJ Mini thermal cycler (Bio-Rad, 

Hercules, CA, USA), and the conditions were as follows: initial denaturation step at 95 OC for 

10 min, followed by 32 cycles of denaturation at 95 OC for 30 s; annealing step at 55 OC for 30 

s; extension step at 72 OC for 1 min; final extension at 72 OC for 10 min. PCR amplicons were 

purified using a DNA Clean and Concentrator Kit (Zymo Research Corporation, USA) 

according to the manufacturer’s instructions. Preceding the library preparation and sequencing 

process, the Illumina sequencing adapters and dual-index barcodes were added to the amplicon 

targets using full complement of Nextera XT indices (Illumina, Inc. San Diego, CA, USA). 

Then the purified PCR products was sequenced along with its multiplex sample identifiers on 

the Illumina MiSeq platform, at the University of South Africa, Science Campus, Florida 

Figure 4.2. The resulting PCR product was cleaned again using AMPure XP beads. The 

fragments size (~630 bp) was validated using Bioanalyzer DNA 1000 chip (Agilent, Santa 

Clara, CA, USA), and quantified using a fluorometric quantification method (Qubit, USA) that 

uses dsDNA binding dyes. Dilutions were done based on the quantified DNA using 10mM Tris 

Buffer (pH 8.5), 5µl of diluted DNA was aliquoted from each library and mixed for pooling 

libraries. The pooled final DNA library (4 nM) was denatured and sequenced on an Illumina 

MiSeq System using paired 300-bp reads to generate high-quality, full-length reads of the V3 

and V4 regions.  
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Figure 4.2 Illumina MiSeq platform, Inc. San Diego, CA, USA, at the University of South 
Africa, Science Campus, Florida.  

 

4.6.2 Bioinformatic Analysis 
 

The raw sequences generated by MiSeq were cleaned and filtered by size and quality using 

ngsShoRT (next-generation sequencing Short Reads) trimmer (Chen et al., 2014) and Mothur 

v1.25 software (Schloss et al., 2009). Quality filtered non-chimeric sequence reads were used 

for closed-reference picking and taxonomy assignation of Operational Taxonomic Units 

(OTUs) based on the SILVA SSU database release 132 (https://www.arb-

silva.de/download/arb-files/), with the similarity threshold set at 0.97. The dominant OTUs at 

different taxonomic levels were used to generate stacked bar charts and heatmap using ggplot2 



160 
 

and heatmap.2 packages in R version 3.6.1 (R Core Team, 2019) to visualize bacterial 

communities' variations and distributions. Alpha diversity indices were calculated at the 

genetic distance of 0.03 using the plot-richness function of phyloseq (McMurdie & Holmes, 

2013). β-diversity based Bray-Curtis dissimilarity distance and canonical correspondence 

analysis (CCA) to visualize the community relationships between and within each composting 

treatment with explanatory environmental variables was also performed using phyloseq 

(McMurdie & Holmes, 2013). A pairwise distance matrix (Euclidean distance matrix) was 

formed from the curated aligned datasets to unit sequences OTUs at a sequence resemblance 

of 97% for species intensity classification. For BLAST analysis, significant bacterial OTUs 

were used to equate the distinctiveness utilizing the NCBI-BLAST tool73. The nucleotide 

sequence data of the closest known species for the significant OTUs were recovered from the 

NCBI GenBank, and phylogenetic analysis was done using Molecular Evolutionary Genetics 

Analysis v7 (MEGA7) software. The sequences of 16S rRNA gene was used for multiple 

alignment by the CLUSTAL_X program. The maximum-Likelihood algorithm was used to 

construct a phylogenetic tree. Bootstrap analysis was performed by employing 1,000 replicate 

data sets to evaluate the branching’s confidence limits. Nonparametric diversity indices, 

including the Shannon–Weaver index and the Chao1 richness estimator, were calculated at the 

genetic distance of 0.03 to measure bacterial species diversity among the data sets. The 

estimated relative abundance of individual taxa within each community was by comparing the 

number of sequences assigned to a specific taxon against the number of total sequences 

obtained for that sample. The identified dominant OTUs at genus level were used to generate 

a heat map to visualize the variations of bacteria community structure and distribution in co-

composted samples.  
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4.7 Residual PAH analysis from culture media 

  
The extraction of PAHs from culture media was performed using automated Soxhlet extraction. 

The GC/MSD quantified the PAHs present in the extracts. The stock standard used was restek 

cat No 8270-1, which contains a semivolatile mix described in sections 3.2.8, 3.2.8.1and 

3.2.8.2. More information about recoveries and residual values of crude oil sludge (PAHs) in 

the enrichment culture media was recorded.   

4.8 Results and Discussion 
 

4.9 Isolation of degrading bacteria from enrichment cultures 
 

The profiling of dominant endogenous bacteria populations (mesophilic and thermophilic 

bacteria) present in the compost matrix during co-composting of crude oil waste sludge with 

different animal manures (cow, horse, pig, and poultry manure) was conducted for the 

identification and selection of adapted species for the development of active bacteria 

formulation for biodegradation of complex crude oil sludge. All identification processes were 

done using molecular-based techniques comprising culture-dependent and culture-independent 

methods.  

Over 400 active bacteria capable of degrading complex crude oil sludge components were 

isolated from the compost piles and crude oil waste sludge itself using the mineral salt media 

and mineral salt agar as a selective and control growth media as described in sections 4.1.3, 

4.1.4, and 4.1.5 above. Positive growth was observed on the plates after the incubation period 

of 21-27 days at 28OC. The bacteria community isolated using this mineral base media were 

only those that can grow and utilize the hydrocarbons in oil crude sludge as their sole source 

of carbon and energy. The isolates include both gram-positive and gram-negative bacteria. 

They were mostly short and long rods ranging from 2.15µm to 2.96µm, a few cocci were also 
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isolated (Figure 4.3 A & B). The results showed that gram-positive bacteria were dominant at 

the end of the treatment in all compost piles, including the control set up. The dominance of 

gram-positive bacteria isolated in this study could be from three different sources, which may 

be (a) the animal manures, (b) garden soil from a grazing field that was used, or (c) even from 

crude oil refinery waste sludge (Wafula, 2014).  Hence, the gram-positive bacteria retained the 

primary stain (crystal violet), causing them to appear violet/purple under a light microscope 

(Figure 4. 3 A & B). As mentioned above, the gram-reaction test helped screen, and select 

bacteria isolates that appeared the same under the microscope by a careful examination based 

on their morphology for further molecular identification using DNA extraction,  PCR 

amplification of 16S rDNA–based sequencing analysis, then characterized for metabolic 

activities.  

 

Figure 4.3A Gram staining microscope imaging and morphological structure of bacteria 
colony showing the different dye intensity of primary or counterstain retained; viewed under 
Olympus BX53M System light microscope.  
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Figure 4.3B  Gram staining microscope imaging and morphological structure of bacteria 
colony showing the different dye intensity of primary or counterstain retained; Viewed under 
Olympus BX53M System light microscope. Most images retained the primary stain crystal 
violet indicating they are gram-positive bacteria. 
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4.10 Identification of degrading bacteria from enrichment cultures 
 

According to the manufacturer’s protocol and instruction, good quality and quantity of DNA 

templates were extracted using the Quick gDNA Extraction Kit™ (Zymo Research 

Corporation, USA) as described in section 4.4 above. Figure 4.4 shows the purity and 

molecular weight of the DNA template.  The DNA yield was further confirmed using BioDrop 

DUO UV/VIS Spectrophotometer for quantifying and reliable results of DNA template 

concentration and purity. The yield showed a concentration range of 1.250 to 11.95 ng/ul at the 

absorbance of A260/A280, which was suitable for the PCR amplification process.  

 

Figure 4.4 Visual Image of DNA templates extracted from bacteria, viewed from 1% agarose 
gel electrophoresis using Bio-Rad's gel documentation systems UV light, (Two combs were 
used in the gel to make more wells and run more samples at the same time). 
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The universal primers (Forward 27F and Reverse 1492R) of the 16S rRNA gene fragment 

and 3µl of the DNA template was used for the PCR  reaction. The PCR  products showed a 

sound amplification during the PCR reaction Figure 4.5. This may be because growing 

(metabolically active) bacteria contain more ribosomes and rRNA than resting or starved 

bacteria cells (Ubani, 2012; Vázquez et al., 2013; Militon et al., 2015). The obtained PCR 

product was sequenced following the sequencing protocol and standard. The sequences were 

edited and blasted in Fasta format form on the NCBI website to identify the individual 

samples. The isolates are listed in Appendix A. 

  

Figure 4.5 Image of PCR product, viewed from 1% agarose gel electrophoresis using Bio-
Rad's gel documentation systems UV light, (Two combs of a bigger gel-tray was used for more 
wells to run more samples at the same time). 
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The bacteria identified in pig manure compost piles includes the following genera, 

Rhodococcus sp. strain Pi21 (MK854896),  Rhodococcus sp.  strain Pi21*  (MK854897), 

Rhodococcus sp.  strain Pi19  (MK854895), Rhodococcus sp.  strain Pi18  (MK854894), 

Rhodococcus equi strain  Pi 17 (MK854893), Rhodococcus hoagii strain  Pi20 (MK854901), 

Actinobacteria bacterium strain Pi211 (MK854902), Microbacterium sp. strain  Pi4  

(MK854899), Microbacterium sp. strain  Pi24 (MK854903), Bacillus fusiformis strain  Pi14  

(MK854891), Lysinibacillus fusiformis strain  Pi16 (MK854892), Bacillus sp. strain Pi104 

(MK854885), Bacillus sp. strain Pi10  (MK854884), Bacillus atrophaeus strain  Pi1 

(MK854883), Bacillus atrophaeus strain  Pi3 (MK854898), Ochrobactrum sp.  strain Pi132 

(MK854890), Burkholderia sp. strain  Pi13  (MK854888), Burkholderia paludis strain  Pi113 

(MK854886), Burkholderia paludis strain  Pi12  (MK854887), Burkholderia paludis strain  

Pi132a (MK854889), Burkholderia paludis strain  Pi7  (MK854900)(Figure 4.6). 

In cow manure compost pile, the bacteria identified include Microbacterium laevaniformans 

strain CO71 (MK854842), Microbacterium hominis strain CO9 (MK854843), Microbacterium 

sp. Strain CO62 (MK854841), Microbacterium sp. strain CO103 (MK854836), 

Microbacterium hominis strain CO111 (MK854826), Rhodococcus equi strain CO20 

(MK854831), Rhodococcus sp.  strain CO11i (MK854837), Paeniclostridium sordellii strain 

CO12 (MK854838), Paenibacillus sp. strain CO15 (MK854828), Paenibacillus sp. strain 

CO17 (MK854830), Bacillus sp. 39endo  strain CO13 (MK854827), Brevibacterium 

frigoritolerans strain  CO21 (MK854839), Bacillus simplex strain  CO21*  (MK854840), 

Bacillus subtilis strain CO41  (MK854834), Bacillus safensis strain  CO16 (MK854829), 

Bacillus pumilus strain  CO3  (MK854832), Bacillus zhangzhouensis strain  CO3i  

(MK854833), Bacillus pumilus strain  CO82II  (MK854835), Bacillus pumilus strain CO102  

(AJ494726.1) (Figure 4.7). 
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In the poultry manure compost pile, the bacteria identified include Dietzia sp. strain PO399 

(MK854961), Dietzia sp. strain PO39A (MK854962), Dietzia maris strain PO391 

(MK854960), Dietzia maris strain 41 (KF923451.1), Dietzia sp. strain PO42a (MK854928), 

Dietzia sp. Strain  PO41 (MK854926), Dietzia sp. strain  PO39i (MK854963), Dietzia maris 

strain  PO42c (MK854964), Dietzia sp. strain PO42d (MK854965), Dietzia sp.  Strain PO51* 

(MK854940), Dietzia sp. strain PO51A (MK854968), Rhodococcus corynebacterioides strain 

PO141 (MK854909), Rhodococcus sp. Strain PO111 (MK854905), Rhodococcus sp. strain 

PO50 (MK854938), Rhodococcus sp. strain PO50A (MK854967), Pseudarthrobacter oxydans 

strain PO341 (MK854924), Arthrobacter oryzae  strain PO331 (MK854956), Arthrobacter sp. 

strain PO1i  (MK854914), Sanguibacter sp. strain PO47 (MK854933), Sanguibacter sp. strain 

PO47*  (MK854934), Cellulosimicrobium funkei strain  PO181 (MK854951), Microbacterium 

sp. strain PO54 (MK854941), Microbacterium sp. strain PO128A (MK854947), 

Microbacterium hominis strain PO128B (MK854948), Microbacterium hominis strain PO16 

(MK854950), Microbacterium sp. strain  PO53 (MK854969), Streptomyces sp. strain PO62 

(MK854943), Clostridium sordelli strain MJJ0609-3-1 (KR364762.1), Clostridium] sordellii   

strain PO32  (MKMK854922), Bacillus velezensis strain PO125ET (MK854945), Bacterium 

sp. strain PO125N (MK854946), Bacillus pumilus strain PO34 (MK854957), Bacillus safensis 

strain  PO294A (MK854955), Bacillus pumilus strain PO243 (MK854915), Bacillus 

zhangzhouensis strain PO193* (MK854913), Bacillus zhangzhouensis strain  PO193a 

(MK854912), Staphylococcus succinus subsp. Strain PO45 (MK854932), Staphylococcus 

succinus strain PO4ii (MK854966), Staphylococcus sp. Strain  PO44 (MK854931), Bacillus 

sp. strain PO101 (MK854904), Bacillus megaterium strain  PO321 (MK854923), Bhargavaea 

sp.  Strain PO129 (MK854949), Sporosarcina sp. strain PO35 (MK854925), Sporosarcina 

luteola strain PO37 (MK854958), Lysinibacillus xylanilyticus strain PO49a (MK854936), 

Lysinibacillus pakistanensis strain PO49b (MK854937), Lysinibacillus fusiformis strain 
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PO122 (MK854907), Lysinibacillus sp. Strain PO124 (MK854908), Bacillus fusiformis strain 

PO292 (MK854916), Lysinibacillus fusiformis strain PO292a (MK854917), Burkholderia 

paludis strain  PO12 (MK854906), Burkholderia cenocepacia strain PO293a (MK854919), 

Burkholderia sp. strain  PO242 (MK854952), Burkholderia sp. TSH27 (AB508887.1) (Figure 

4.8).  

In horse manure compost pile, the bacteria identified include Microbacterium hominis strain 

MC1B* (MK854863), Microbacterium sp. strain MCC (MK854876), Microbacterium hominis 

strain MCB (MK864869), Microbacterium hominis strain MC1B* (MK854863), 

Microbacterium hominis strain MC1B (MK854862), Microbacterium hominis strain H53 

(MK854852), Microbacterium dextranolyticum strain MC8 (MK854866), Microbacterium sp. 

strain MC96 (MK854868), Micrococcus aloeverae strain MC10 (MK854858), Micrococcus 

luteus strain MC10A (MK854870), Cellulosimicrobium funkei strain NPZ-121T (KY563746.1), 

Cellulosimicrobium sp. strain MC92 (MK854873), Cellulosimicribium sp. strain MC94 

(MK854874), Cellulosimicrobium sp. strain MC95 (MK854875), Rhodococcus equi strain H10 

(MK854845), Rhodococcus hoagie strain H121 (MK854848), Rhodococcus erythropolis strain 

MC7C (MK854872), Rhodococcus sp. strain H4B (MK854850), Rhodococcus sp. strain H4C 

(MK854851), Rhodococcus sp. strain Q5 (JN644309.1), Rhodococcus sp. strain MC1A 

(MK854860), Rhodococcus sp. strain MC1A* (MK854861), Rhodocuccus sp. strain MC93 

(MK854867), Rhodococcus sp. strain MC7A (MK854871), Burkholderia paludis strain H93 

(MK854855), Burkholderia paludis strain H93* (MK854856), Burkholderia cepacia strain 

H92* (MK854854), Sphingomonas sp. strain H151 (MK854857), Pseudomonas stutzeri strain 

H131 (MK854849), Pseudomonas sp. strain H11 (MK854846), Pseudomonas sp. strain H11A 

(MK854847), Pseudomonas stutzeri strain WWvii23 (MH396749. 1), Clostridium sordelli 

strain MJJ0609-3-1 (KR364762.1), Paeiclostridium sordelli strain 817CL (KX214077.1), 

Bacillus simplex strain MC111 (MK854859), Bacillus pocheonensis strain MC7B 
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(MK854865), Bacillus pumilus strain H92 (MK854853), Bacillus safensis strain H1 

(MK854844), Bacillus sp. strain MC2 (MK854864) (Figure 4.9) 

In control experiment, the bacteria isolated include Sanguibacter marinus  strain CT81B 

(MK854989), Sanguibacter sp. strain CT92 (MK854993), Sanguibacter soli  strain CT81A 

(MK854988), Sanguibacter soli  strain CT71A (MK854987), Sanguibacter sp. strain CT112 

(MK854983), Sanguibacter soli  strain CT71b (MK854982), Sanguibacter soli  strain CT121 

(MK854971), Microbacterium hominis strain  CT55 (MK854980), Microbacterium hominis 

strain CT21 (MK854977), Microbacterium hominis strain  CT51 (MK854979), Rhodococcus 

sp. strain  CT1a (MK854975), Gordonia amicalis strain  CT6a* (MK854981), Gordonia 

amicalis strain  CT91 (MK854990), Gordonia sp. strain  CT122 (MK854972), Gordonia sp. 

strain  CT122* (MK854973), Gordonia sp. strain  CT12b (MK854974), Gordonia amicalis  

strain CT61 (MK854986), Gordonia amicalis strain CT91A (MK854991), Gordonia sp. strain  

CT91* (MK854992), Enterococcus mundtii strain  CT10 (MK854970), Bacillus safensis strain  

CT1b (MK854976), Burkholderia lata strain  CT22 (MK854978) Burkholderia cenocepacia 

strain ESS9  (EF602553.1), Burkholderia cenocepacia strain  CT52 (MK854984), 

Burkholderia paludis strain  CT52* (MK854985) (Figure 4.10)  

In the crude oil refinery waste sludge enrichment culture experiment, the bacteria isolated 

include Bacillus sp. strain OS4* (MK854881), Bacillus sp. strain OS6* (MK854882), Bacillus 

safeness strain OS3* (MK854880), Bacillus sp. strain OS5* (MK854878), Bacillus sp. strain 

OS11 (MK854879), Bacillus thuringiensis strain OS21 (MK854877), Bacillus sp. 

(KC236701.1) (Figure 4.11).  All these isolates mentioned have been allocated accession 

numbers (MK854826 CO111- MK854993 CT92) (In press/unpublished, 2019/2020) from the 

GenBank (Appendix B). Interestingly, they were isolated from co-compost piles and Crude oil 

refinery waste sludge using a culture-dependent (enrichment) method.  
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The phylogenetic analysis was done using the Molecular Evolutionary Genetic Analysis v7 

(MEGA 7.0.26) software (Kumar et al., 2016). The isolates' grouping using MEGA 7.0 was 

strongly supported by their phylogenetic and evolutionary relationship with high bootstrap 

Figures 4.6 to 4.11. The homology and phylogenetic analyses of the nucleotide sequences (16S 

rRNA) of these isolates revealed that the bacteria belong to three different phyla, namely the 

Firmicutes, Actinobacteria, and Proteobacteria, with subdivision/class as 

AlphaProteobacteria, BetaProteobacteria, and GammaProteobacteria and their close 

relationship have been shown in Figures 4.6 to 4.11. The phylogenetic tree results also showed 

that these isolates represent distinct groups closely related to form a coherent group in a 

synergistic relationship in different clades.   

In the pig/swine manure co-compost sample, the phylogenetic analyses revealed the evolution 

and relationship between isolates in 5 different clades under Actinobacteria phyla.  Clade 1 

showed a close relationship between species of Rhodococcus sp. and Actinobacteria bacterium, 

clade 2 showed isolates of Microbacteria sp. branched from the node closely related to 

Rhodococcus sp. and Actinobacteria bacterium, clade 3 showed Bacillus sp. under Firmicutes 

phyla, while clade 4 revealed  Ochrobactrum sp. an Alpha-proteobacteria from Proteobacteria 

phyla standing alone stretched from the root node and clade 5 showed Burkholderia sp. a Beta-

proteobacteria from Proteobacteria phyla Figure 4.6.   
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Figure 4.6. Evolutionary relationships of taxa from PIG manure and a Neighbour-joining tree 
showing partial sequences of 16S rDNA of bacteria isolates from group 4 (pig) and their 
relationship obtained as computed by bootstrap NJ method. This evolutionary history was inferred 
using the Neighbour-Joining method [1].   The optimal tree with the sum of branch length = 0.72746735 
is shown.   The evolutionary distances were computed using the Maximum Composite Likelihood 
method [2] and are in the units of the number of base substitutions per site. The analysis involved 21 
nucleotide sequences. All positions containing gaps and missing data were eliminated. There was a total 
of 550 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [3 MEGA7.0]. 
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In the cow manure co-compost sample, phylogenetic analyses revealed the evolution and 

relationship between isolates in 2 different phyla, under Actinobacteria and Firmicutes, which 

revealed that isolates Microbacterium sp., Rhodococcus sp., were closely related while 

Paeniclostridium sp. and Bacillus sp. standing alone in different clades Figure 4.7.   

 

Figure 4.7 Evolutionary relationships of taxa from COW manure and a Neighbour-joining tree 
showing partial sequences of 16S rDNA of bacteria isolates from group 4 (COW) and their 
relationship obtained as computed by bootstrap NJ method. This evolutionary history was inferred 
using the Neighbour-Joining method [1]. The optimal tree with the sum of branch length = 0.78737274 
is shown. The evolutionary distances were computed using the Maximum Composite Likelihood 
method [2] and are in the units of the number of base substitutions per site. The analysis involved 19 
nucleotide sequences. All positions containing gaps and missing data were eliminated. There was a total 
of 571 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [3 MEGA7.0]. 
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In the poultry manure co-compost sample, the phylogenetic analyses revealed the evolution 

and relationship between isolates in 3 different phyla, under Actinobacteria, Firmicutes, and 

Proteobacteria (Beta-proteobacteria), which showed that isolates were closely related in 7 

different clades.  Under Actinobacteria phyla, clade 1 showed a close relationship between 

isolates of Dietzia sp. and Rhodococcus sp., clade 2 showed that isolates of Arthrobacter sp., 

Sanguibacter sp., Cellulosimicrobium sp., and Microbacteria sp. branched from the node 

closely related to Rhodococcus sp., clade 3 showed Streptomyces sp. standing alone stretched 

from the root node showing close relationship and evolution with clade 1 and 2. Under 

Firmicutes phyla, clade 4 revealed  Clostridium sp. followed by clade 5 showing Bacillus sp., 

and clade 6 revealed a mix of Bacillus sp., Staphylococcus sp. Bhargavaea sp., and 

Lysinibacillus sp., while under Proteobacteria (Beta-proteobacteria), clade 7 showed a 

relationship between Burkholderia sp. Figure 4.8.   

In the Horse manure co-compost sample, phylogenetic analyses revealed the evolution and 

relationship between isolates in 3 different phyla, under Actinobacteria, Proteobacteria (Beta, 

Alpha, and Gamma), and Firmicutes, which showed that isolates were closely related in 5 

different clades, under Actinobacteria phyla, clade 1 showed a close relationship between 

isolates of Microbacterium sp. and Micrococcus sp., clade 2 showed that isolates of 

Cellulosimicrobium sp., clade 3 showed isolates of Rhodococcus sp Under Proteobacteria 

phyla (Beta, Alpha and Gammaproteobacteria), clade 4 revealed  Burkholderia sp., 

Sphingomonas sp., and Pseudomonas sp., while under Firmicutes clade 5 showed a relationship 

between Bacillus sp. and Clostridium sp. Figure 4.9.   
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Figure 4.8 Evolutionary relationships of taxa from POULTRY manure and a Neighbour-joining 
tree showing partial sequences of 16S rDNA of bacteria isolates from group 4 (poultry) and their 
relationship obtained as computed by bootstrap NJ method. This evolutionary history was inferred 
using the Neighbour-Joining method [1].   The optimal tree with the sum of branch length = 0.99483575 
is shown.   The evolutionary distances were computed using the Maximum Composite Likelihood 
method [2] and are in the units of the number of base substitutions per site. The analysis involved 54 
nucleotide sequences. All positions containing gaps and missing data were eliminated. There was a total 
of 492 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [3 MEGA7.0].  
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Figure 4.9. Evolutionary relationships of taxa from HORSE manure and a Neighbour-joining 
tree showing partial sequences of 16S rDNA of bacteria isolates from group 4 (Horse) and their 
relationship obtained as computed by bootstrap NJ method. This evolutionary history was inferred 
using the Neighbour-Joining method [1]. The optimal tree with the sum of branch length = 0.84931420 
is shown. The evolutionary distances were computed using the Maximum Composite Likelihood 
method [2] and are in the units of the number of base substitutions per site. The analysis involved 39 
nucleotide sequences. All positions containing gaps and missing data were eliminated. There was a total 
of 581 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [3 MEGA7.0]. 
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In the control treatment, phylogenetic analyses revealed the evolution and relationship between 

isolates in 3 different phyla, under Actinobacteria, Firmicutes, and Proteobacteria (Beta), 

which showed that isolates were closely related in 4 different clades, under Actinobacteria 

phyla, clade 1 showed a close relationship between isolates of Sanguibacter sp. and 

Microbacterium sp. clade 2 showed that isolates of Rhodococcus sp and Gordonia sp. Under 

Firmicutes, clade 3 showed isolates of Enterococcus sp. and Bacillus sp. while under 

Proteobacteria phyla (Beta proteobacteria), clade 4 revealed Burkholderia sp. Figure 4.10.   

 

Figure 4.10. Evolutionary relationships of taxa from CONTROL Treatment sample and a 
Neighbour-joining tree showing partial sequences of 16S rDNA of bacteria isolates from group 4 
(CONTROL Treatment sample) and their relationship obtained as computed by bootstrap NJ 
method. This evolutionary history was inferred using the Neighbour-Joining method [1]. The optimal 
tree with the sum of branch length = 0.56657547 is shown. The evolutionary distances were computed 
using the Maximum Composite Likelihood method [2] and are in the units of the number of base 
substitutions per site. The analysis involved 25 nucleotide sequences. All positions containing gaps and 
missing data were eliminated. There was a total of 641 positions in the final dataset. Evolutionary 
analyses were conducted in MEGA7 [3 MEGA7.0]. 
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In crude oil refinery waste sludge, the phylogenetic analyses revealed the evolution and 

relationship between isolates in one phylum Firmicutes, which showed that the isolates were 

closely related in 4 different clades; however, all isolates were revealed to be Bacillus sp.  

Figure 4.11.   

 

Figure 4.11. Evolutionary taxa relationships from crude oil refinery waste sludge and a 
Neighbour-joining tree showing partial sequences of 16S rDNA of bacteria isolates from group 4 
(crude oil refinery waste sludge) and their relationship obtained as computed by bootstrap NJ 
method. This evolutionary history was inferred using the Neighbour-Joining method [1]. The optimal 
tree with the sum of branch length = 0.09841693 is shown. The evolutionary distances were computed 
using the Maximum Composite Likelihood method [2] and are in the units of the number of base 
substitutions per site. The analysis involved 7 nucleotide sequences. All positions containing gaps and 
missing data were eliminated. There was a total of 113 positions in the final dataset. Evolutionary 
analyses were conducted in MEGA7 [3 MEGA7.0]. 
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The results obtained using the culture-dependent enrichment method revealed that a wide range 

of bacteria isolates was raised in the compost pile. Dominant bacteria isolate in crude oil 

refinery waste sludge itself were also revealed using enrichment culture Figure 4.11.  

The distinct grouping of these isolates using MEGA 7.0 in constructing a phylogenetic tree and 

evolutionary relationship between the organisms with high bootstrap was strongly supported 

by the gram staining results. The phylogenetic tree and gram reaction results showed that 

isolates included both gram-positive and gram-negative bacteria; likewise, it revealed that the 

gram-positive bacteria were dominant in all compost piles. The dominance of gram-positive 

bacteria isolated in this study could be attributed to animal manures and garden soil from a 

farm/grazing field used in this study. Fascinating, the presence of dominant Bacillus sp. 

isolated in this study as shown on the phylogenetic trees could be associated with the crude oil 

refinery waste sludge and a few from other samples because only Bacillus sp. was isolated 

from crude oil refinery waste sludge sample according to the results in Figure 4.11.  

4.11 Characterisation of isolated/identified degrading bacteria from enrichment cultures 
 

The ability of isolated bacteria from crude oil refinery waste sludge and compost piles to 

degrade the target PAH was established in enrichment culture, also supported by the 

degradability-screening test. Bacteria isolates were characterized by testing their capability to 

grow on either oil sludge, pyrene, anthracene, or diesel oil overlaid MSA plates. The isolates 

were also screened for enzymes and biosurfactants production, then their capability to utilize 

crude oil sludge in a media were established using the redox indicator method with 2, 6-

dichlorophenol indophenol (2,6-DCPIP) for colour change from blue (oxidized) to colourless 

(reduced). They were further analysed and screened for microbial diversity, their possession of 

catabolic genes, antagonistic tests to ascertain succession, and analyses to confirm fatty acids 

(FAMEs) production by bacteria consortia amended with hydrocarbons.  
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4.11.1 Screening for degradation capability by bacteria isolates 

To ascertain these bacteria isolate's capability to grow and utilize hydrocarbons, those isolated 

using the conventional culture-dependent method were subjected to a biodegradation screening 

test. The results showed that between 3-7 days of incubation, all the bacteria isolates grew on 

the mineral salts agar plates overlaid with hydrocarbons (of either crude oil sludge, pyrene, 

anthracene, diesel oil) as the only source of carbon. Many of the isolates grew faster within 3 

days at 37OC, while some grew slowly, and colonies only appeared between the 3rd and 7th day 

for slow-growing isolates. The results were recorded as shown in Table 4.1 below.  

Table 4.1 Bacteria isolates capable of growing between 3-7 days of incubation at 37OC on the 
mineral salt agar plates overlaid with hydrocarbons (crude oil sludge, pyrene, anthracene, diesel 
oil) as the only source of carbon.  

S/N Sample 
code Sample name Anthracene Diesel oil Pyrene Oil sludge 

1 CO3i Bacillus zhangzhouensis ++ ++ ++ ++ 
2 CO6 Variovorax sp. + ++ + ++ 
3 CO13 Bacillus sp. + ++ + + 
4 CO15 Paenibacillus sp ++ ++ ++ ++ 
5 CO20 Rhodococcus equi + ++ ++ ++ 
6 CO41 Bacillus subtilis ++ + ++ ++ 
7 CO102 Bacillus pumilus ++ ++ ++ ++ 
8 CO111 Microbacterium hominis ++ ++ ++ ++ 
9 CT1 Brevibacterium sp. + ++ + ++ 
10 CT4 Ralstonia  sp. ++ + ++ ++ 
11 CT5 Geobacillus sp. + ++ + ++ 
12 CT10 Enterococcus mundtii + ++ ++ ++ 
13 CT22 Burkholderia lata ++ ++ ++ ++ 
14 CT23 Burkholderia cenocepacia ++ ++ ++ + 
15 CT121 Sanguibacter soli + ++ ++ ++ 
16 CT122 Gordonia sp. ++ ++ ++ + 
17 H3 Clostridium sordelli + ++ ++ + 
18 H4a Cellulosimicrobium funkei ++ + ++ ++ 
19 H81 Paeniclostridium sordellii, ++ ++ + ++ 
20 H93 Burkholderia paludis + ++ + ++ 
21 H121 Rhodococcus hoagii + ++ + ++ 
22 H131 Pseudomonas stutzeri ++ ++ ++ ++ 
23 H151 Sphingomonas sp. ++ ++ ++ ++ 
24 HCc Microbacterium sp. ++ + + + 
25 HC1a Rhodococcus sp. + + + + 
26 HC1b Microbacterium hominis + ++ + + 
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27 HC2 Bacillus sp. (in: Bacteria) + + ++ + 
28 HCcb Microbacterium hominis + + + ++ 
29 HC7b Bacillus pocheonensis ++ ++ ++ ++ 
30 HC8 Microbacterium dextranolyticum + + ++ + 
31 HC10 Micrococcus aloeverae ++ + ++ ++ 
32 HC92 Cellulosimicrobium sp. + + + ++ 
33 HC94 Cellulosimicrobium sp. ++ + + + 
34 HC95 Cellulosimicrobium sp. ++ + + + 
35 HC96 Microbacterium sp. + + + ++ 
36 HC111 Bacillus simplex ++ ++ ++ ++ 
37 OS3* Bacillus safensis ++ + ++ ++ 
38 OS21 Bacillus thuringiensis + ++ + ++ 
39 Pi1 Bacillus atrophaeus ++ ++ ++ ++ 
40 Pi12 Burkholderia paludis + + + + 
41 Pi14 Bacillus fusiformis + + + + 
42 Pi17 Rhodococcus equi + + + + 
43 Pi18 Rhodococcus sp. + ++ + + 
44 Pi104 Paeniclostridium sordellii. + + + ++ 
45 Pi211 Actinobacteria bacterium + ++ ++ ++ 
46 Pi132 Ochrobactrum sp. ++ ++ ++ + 
47 Po1i Arthrobacter sp. ++ ++ ++ ++ 
48 Po35 Sporosarcina sp + ++ + ++ 
49 Po41 Dietzia sp. ++ ++ ++ ++ 
50 Po45 Staphylococcus succinus subsp. ++ ++ ++ + 
51 Po47 Sanguibacter sp. ++ ++ ++ + 
52 Po49a Lysinibacillus xylanilyticus + ++ + ++ 
53 Po62 Streptomyces sp. ++ + ++ ++ 
54 Po101 Actinobacteria bacterium. + ++ + ++ 
55 Po122 Lysinibacillus sp. + + + ++ 
56 Po124 Lysinibacillus fusiformis  ++ + ++ ++ 
57 Po125 ET  Bacillus velezensis + ++ + ++ 
58 Po129 Bhargavaea sp. ++ ++ ++ + 
59 Po141 Rhodococcus corynebacterioides + ++ + ++ 
60 Po271 Clostridium sordelli + + + ++ 
61 PO321 Bacillus megaterium ++ ++ ++ ++ 
62 Po341 Pseudarthrobacter oxydans + ++ + ++ 

†44 of 62 isolates (70.96%) highlighted in red grew faster on mineral salt medium (MSM) overlaid with 
at least 2 different hydrocarbons of either crude oil sludge, pyrene, anthracene, or diesel oil. (Symbol 
++ indicates isolates that grew faster than others within 3 days of incubation while + indicates 
isolates that grew slowly between 3-7 days of incubation). 

 

The results in Table 4.1 revealed that 44 of 62 isolates (70.96%) highlighted in red were able 

to grow faster on mineral salt medium overlaid with at least 2 different hydrocarbons of either 

crude oil sludge, pyrene, anthracene, or diesel oil.  
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4.11.2 Biodegradation screening by bacteria isolates using 2,6-dichlorophenol indophenol 
(2,6-DCPIP) 

   

For 2,6-DCPIP screening, 44 distinct bacteria isolates were selected based on their capability 

to grow faster than others on at least 2 different hydrocarbons of either crude oil sludge, pyrene, 

anthracene, and diesel oil as the only source of carbon within 7 days. Bacteria isolates identified 

showing fast growth were as follows: Bacillus zhangzhouensis strain CO3i, Variovorax sp. 

strain CO6, Paenibacillus sp. strain CO15, Rhodococcus equi strain CO20, Bacillus subtilis 

strain CO41, Bacillus pumilus strain CO102, Microbacterium hominis strain CO111, 

Brevibacterium sp. strain CT1, Ralstonia sp. strain CT4, Geobacillus sp. strain CT5, 

Enterococcus mundtii strain CT10, Burkholderia lata. strain CT22, Burkholderia cenocepacia 

strain CT23, Sanguibacter soli strain CT121, Gordonia sp. strain CT122, Clostridium sordelli 

strain H3, Cellulosimicrobium funkei strain H4a, Paeniclostridium sordellii strain H81, 

Burkholderia paludis strain H93, Rhodococcus hoagie strain H121, Pseudomonas stutzeri 

strain H131, Sphingomonas sp. strain H151, Bacillus pocheonensis strain MC7b, Micrococcus 

aloeverae strain MC10, Bacillus simplex strain MC111, Bacillus safensis strain OS3*, Bacillus 

thuringiensis strain OS21, Bacillus atrophaeus strain Pi1, Actinobacteria bacterium strain 

Pi211, Ochrobactrum sp. strain Pi132, Arthrobacter sp. strain Po1i , Sporosarcina sp. strain 

Po35, Dietzia sp. strain Po41, Staphylococcus succinus subsp. strain Po45, Sanguibacter sp. 

strain Po47, Lysinibacillus xylanilyticus strain Po49a, Streptomyces sp. strain Po62, 

Actinobacteria bacterium strain Po101, Lysinibacillus fusiformis strain Po124, Bacillus 

velezensis strain Po125 ET, Bhargavaea sp. strain Po129, Rhodococcus corynebacterioides 

strain Po141, Bacillus megaterium strain PO321, Pseudarthrobacter oxydans strain Po341.  

A biodegradation screening test with 2,6-dichlorophenol indophenol (2,6-DCPIP) was 

conducted on 44 isolates and 24 of the 44 isolates (54%) which showed a positive reaction to 

the redox indicator within 3 or less days.  The isolates include Enterococcus mundtii strain 
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CT10, Sporosarcina sp.  strain Po35, Rhodococcus equi. strain CO20, Bacillus thuringiensis. 

strain OS21, Micrococcus aloeverae. strain MC10, Dietzia sp. strain Po41, 

Cellulosimicrobium funkei. strain H4a, Bacillus atrophaeus.  strain Pi1, Bacillus pumilus. 

strain CO102, Rhodococcus hoagie. strain H121, Sphingomonas sp. strain H151, Bhargavaea 

sp. strain Po129, Pseudomonas stutzeri. strain H131, Burkholderia paludis. strain H93, 

Streptomyces sp. strain Po62, Lysinibacillus xylanilyticus. strain Po49a, Clostridium sordelli. 

strain H3, Staphylococcus succinus subsp. strain Po45, Sanguibacter sp. strain Po47, 

Pseudarthrobacter oxydans. strain Po341, Gordonia sp. strain CT122, Sanguibacter soli. 

strain CT121, Paenibacillus sp. strain CO15, Lysinibacillus sp. Strain PO124. They could 

change the colour of 2,6-DCPIP from blue to colourless in the shortest possible time of 3 or 

less days. Others were able to change the colour of 2,6-DCPIP from blue to colourless between 

3-7 days.  In this study, culture media amended with 2,6-DCPIP and crude oil sludge was used 

to test the bacteria isolate's capability to utilize substrates of crude oil sludge. The colour of the 

redox indicator 2,6-DCPIP changed from blue (oxidized) to colourless (reduced), indicating 

that crude oil sludge present was utilized by bacteria making them good bioremediation agents.  

This result agrees with the biodegradation screening test by Obi et al. (2016), indicating the 

ability of bacteria to make crude oil sludge bioavailable via utilizing them as a substrate, which 

may have increased biodegradation.  After the colour change at the end of 7days, the liquid 

media was filtered, separating the biomass. The filtrate was centrifuged at 8 000 x g for 15 min, 

and the supernatant was collected and analysed using a 600nm ultraviolet-visible (UV-VIS) 

spectrophotometer (Thermo Scientific, GENESYS 10S UV-VIS Spectrophotometer). 

Percentage utilization of crude oil sludge (PAHs) present is shown in Figure 4.12 and was 

calculated by: 

 
Percentage degradation = 1 -    Absorbance of treated sample   x 100  
      Absorbance of control  
 



183 
 

The percentage utilization of crude oil sludge ranged from 43.38 to 83.15%, indicating these 

isolate's potential to metabolize hydrocarbon present in the media. Sphingomonas sp. strain 

H151 showed 83.15%, which had the highest capability to utilize crude oil sludge, followed by 

Bacillus thuringiensis 81.19%, and the least was 43.38% for Enterococcus Mundtii strain CT10 

(Kirimura et al., 1999; Das & Chandran, 2011; Huda, 2014). More information regarding these 

isolate's capabilities (24) to utilize crude oil sludge as a substrate in the media were measured 

in percentages is shown in Figure 4.12. The bacteria species identified and tested have been 

reported to have the potential to degrade petroleum wastes and other toxic organic solvents 

(Katsivela et al., 2005; Zhang et al., 2006; Seyedi et al., 2013; Santisi et al., 2015; Obi et al., 

2016).  

 

Figure 4.12 Percentage Utilization level of crude oil sludge by individual bacteria isolates. This 
revealed their ability to change the colour of 2,6-DCPIP from blue (oxidized) to colourless (reduced) in 
the shortest possible time by utilizing crude oil sludge (PAHs) as the sole source of carbon. Data are 
mean of three replicates ± standard deviation for the percentage utilization level, ranging from 
lowest = 42±0.03 to highest = 83±0.02. 
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4.12 Screening for enzymes activities by bacteria isolates 
 

Enzymes are the biological catalyst that facilitates substrates breakdown into lower and simpler 

substrates. They can be useful in remediating toxic pollutants in the environment, and to 

achieve remediation, microbial enzymes in combination are needed and necessary to degrade 

toxic compounds into harmless products. Bacteria activities are useful in the hydrolysis of 

organic pollutants. These extracellular enzymes and their activities play a vital role in the 

degradation and utilization of organic contaminants. This hydrolytic enzyme disrupts the 

chemical bonds of pollutants (crude oil sludge), which reduces the toxicity of the pollutant to 

the environment (Jardine et al., 2018). Hydrolytic reactions usually occur at the oil-water 

interface, allowing hydrolytic substrates to form an equilibrium between monomers and 

micellar an emulsified state. The substrate produced (mainly fatty acid and glycerol) is further 

used as raw material or emulsifying agent. At this stage, hydrolytic enzymes (lipase and others) 

are adsorbed onto the oil-water interface, and the chemical bonds of hydrocarbons are broken 

down into simpler compounds, which then dissolve and are made available to microorganisms 

(Karigar & Rao, 2011; Jardine et al., 2018).  Hence, the screening test for enzymes was 

conducted on the selected 44 bacteria isolates mentioned above, which grew faster within 3 

days at 37OC on the mineral salts agar plates overlaid with hydrocarbons, and many of the 

isolates showed positive results for enzyme production during the screening. 

4.12.1 Screening and assessment for cellulase production by bacteria isolates 

Prepared samples were incubated for 48hr, then, after 48hr of incubation, 36 of 44 isolates 

(81%) showed the capacity to produce cellulase enzymes (Table 4.2). They showed a visible 

hydrolysis zone on the plates at 0.2% (w/v) carboxymethyl cellulose sodium salt (CMC) when 

flooded with congo-red stain and destained with 1M NaCl, while 8 isolates did not show the 

capacity to produce cellulase enzyme.  Pictures were not included because they were not clear 
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from the Photo-Camera used.  Many of the bacteria species identified that produced cellulase 

enzyme had been reported to have the potential to degrade petroleum wastes and other toxic 

organic solvents (Sun & Cheng, 2002; Katsivela et al., 2005; Karigar & Rao, 2011; Torres et 

al., 2011; Seyedi et al., 2013; Santisi et al., 2015; Sagar et al., 2018). 

 4.12.2 Screening and assessment for lipase production by bacteria isolates 

Prepared samples were incubated for 48hr, and after 48hr of incubation, 37 of 44 isolates (84%) 

showed the capacity to produce lipase enzymes (Table 4.2). They showed a visible orange 

fluorescent halo around the bacteria colonies on the plates (Figure 4.13) because of the 

hydrolysis of Rhodamine B-olive oil agar media used as the substrate, while 7 isolates did not 

show the capacity to produce lipase enzyme.  Many of the bacteria species identified that 

produced lipase enzyme have been reported to have the potential to degrade petroleum wastes 

and other toxic organic solvents (Pandey et al., 1999; Hasanuzzaman et al., 2004; Katsivela et 

al., 2005; Hasan et al., 2006; Karigar & Rao, 2011; Torres et al., 2011; Seyedi et al., 2013; 

Santisi et al., 2015; Kumar et al., 2016; Sagar et al., 2018; Sarmah et al., 2018).  
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Figure 4.13 A visible orange fluorescent halos around the bacteria colonies because of the 
hydrolysis of Rhodamine B-olive oil agar medium as the substrate, viewed under UV-VIS. 

 

4.12.3 Screening and assessment for amylase production by bacteria isolates 

Prepared samples were incubated for 5days, then, after 5days of incubation, 37 of 44 isolates 

(84%) showed the capacity to produce an amylase enzyme (Table 4.2). They showed a clear 

visible zone on starch agar media plates when flooded with iodine solution (Gram’s iodine) 

(Figure 4.14A), while 7 isolates did not show the capacity to produce amylase enzyme (Figure 

4.14B).   Many of the bacteria species identified that produced amylase enzyme have been 

reported to have the potential to degrade petroleum wastes and other toxic organic solvents 

(Margesin & Schinner, 2001; Katsivela et al., 2005; Karigar & Rao, 2011; Torres et al., 2011; 

Seyedi et al., 2013; Santisi et al., 2015; Sagar et al., 2018).   
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Figure 4.14 Amylase enzyme production by bacteria isolates. A. is a clear visible zone 
shown on the starch agar medium plates when flooded with iodine solution (Gram’s iodine), 
indicating that the isolates were capable (Positive) to produce amylase enzyme. B. no clear 
zone visible on the starch agar medium plate when flooded with iodine solution (Gram’s 
iodine) indicating that this isolate could not produce amylase enzymes (Blue-black colour, that 
is negative to amylase production). 

 

A 

B 



188 
 

4.12.4 Screening and assessment for protease production by bacteria isolates  

Prepared samples were incubated for 48hr, then, after 48hr of incubation, 37 of 44 isolates 

(84%) showed the capacity to produce protease enzyme (Table 4.2). They showed a clear 

visible zone on a skimmed milk agar media plates, while 7 isolates did not show the capacity 

to produce protease enzyme. Pictures were not included because they were not clear from the 

Photo-Camera used. Many of the bacteria species identified that produced protease enzyme 

had been reported to have the potential to degrade petroleum wastes and other toxic organic 

solvents (Katsivela et al., 2005; Gupta & Khare, 2009; Thumar & Singh, 2009; Karigar & Rao, 

2011; Torres et al., 2011; Seyedi et al., 2013; Santisi et al., 2015; Sagar et al., 2018).   

Table 4.2.  The screening and assessment of bacterial isolates for the production of Amylase, 
Cellulase, Lipase, and Protease.  

S/N Sample 
code/Strain 

number 
Sample name 

Amylase 
Starch 
agar 

Cellulase Lipase Protease 

1 CO3i Bacillus zhangzhouensis - + - - 
2 CO6 Variovorax sp. - - - - 
3 CO15 Paenibacillus sp + - + + 
4 CO20 Rhodococcus equi + - + + 
5 CO41 Bacillus subtilis + + + + 
6 CO102 Bacillus pumilus + + + + 
7 CO111 Microbacterium hominis + + + + 
8 CT1 Brevibacterium sp. - + - - 
9 CT4 Ralstonia sp. + + + + 
10 CT5 Geobacillus sp. - + - - 
11 CT10 Enterococcus mundtii + - + + 
12 CT22 Burkholderia lata + + + + 
13 CT23 Burkholderia cenocepacia + - + + 
14 CT121 Sanguibacter soli + + + + 
15 CT122 Gordonia sp. + + + + 
16 H3 Clostridium sordelli + + + + 
17 H4a Cellulosimicrobium funkei + + + + 
18 H81 Paeniclostridium sordellii, + + + + 
19 H93 Burkholderia paludis + + + + 
20 H121 Rhodococcus hoagii + + + + 
21 H131 Pseudomonas stutzeri + + + + 
22 H151 Sphingomonas sp. + + + + 
23 HC7b Bacillus pocheonensis - + - - 
24 HC10 Micrococcus aloeverae + + + + 
25 HC111 Bacillus simplex + + + + 
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26 OS3* Bacillus safensis + - + + 
27 OS21 Bacillus thuringiensis + + + + 
28 Pi1 Bacillus atrophaeus + + + + 
29 Pi211 Actinobacteria bacterium + + + + 
30 Pi132 Ochrobactrum sp. - + - - 
31 Po1i Arthrobacter sp. + - + + 
32 Po35 Sporosarcina sp + - + + 
33 Po41 Dietzia sp. - + - - 
34 Po45 Staphylococcus succinus subsp. + + + + 
35 Po47 Sanguibacter sp. + + + + 
36 Po49a Lysinibacillus xylanilyticus + + + + 
37 Po62 Streptomyces sp. + + + + 
38 Po101 Actinobacteria bacterium. + + + + 
39 Po124 Lysinibacillus fusiformis + + + + 
40 Po125 ET  Bacillus velezensis + + + + 
41 Po129 Bhargavaea sp. + + + + 
42 Po141 Rhodococcus 

corynebacterioides + + + + 
43 Po321 Bacillus megaterium + + + + 
44 Po341 Pseudarthrobacter oxydans + + + + 

Symbol + indicates isolates that are positive in hydrolytic enzymes production, - indicates 
isolates that are negative and could not produce hydrolytic enzymes. 
 

The plate assay used for enzyme screening indicated to be a useful and easy technique for 

qualitative screening of hydrolytic enzyme production because it is effective and does not 

require sophisticated equipment or procedure. According to the results obtained in Table 4.2, 

most isolates were positive to produce hydrolytic enzymes, and it was shown that 84.09% of 

isolates produced amylase enzyme, 81.82% produced cellulase enzyme, 84.09% produced 

Lipase enzyme, while 84.09% were positive and produced protease enzymes. The result was 

confirmed to be positive by the presence of a clear zone around the colonies. The clear zone on 

colony plates was not measured in this study because the bacteria species were motile and 

covered the entire plate, in which most of the plates were completely clear, as indicated in 

Figure 4.14.  

These enzymes can be active in converting and utilizing complex crude oil waste sludge to a 

simpler form, less harmful or risk-free substrates to the environment during bioremediation. 

Lipase and protease are the right combinations in any treatment system to breakdown oil 
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contamination. Protease breaks up the oil layer (surface), allowing the lipase enzymes to 

penetrate through, then the oil is dissolved and emulsified, making the substrate bioavailable 

to bacteria isolates. Besides, the combination of lipase, cellulase, amylase, protease, and 

inorganic nutrients can help break down oil allowing the penetration of oxygen into the 

treatment for aeration to maintain living conditions for microorganisms. Lipase enzymes can 

digest oil causing better hydrolysis. Bacteria lipase is useful in crude oil degradation as lipase 

breaks down the crude oil into simpler substrates by solubilization and increases crude oil 

sludge hydrolysis. As such, crude oil sludge is broken down into simpler and low molecular 

weight compounds in the presence of these extracellular enzymes. The increased concentration 

of crude oil in a treatment system can stimulate bacteria production of lipase and protease, then 

an increase in solubilization of crude oil could be obtained. Lipase from bacteria can be most 

effective in catalysing crude oil breaking down. The mixture of cellulase, protease, and lipase 

in the right proportion may dissolve crude oil readily, because of their high biocatalyst 

properties, lipase has been associated with the degradation of petroleum hydrocarbon in the 

environment (Hasan et al., 2006; Karigar & Rao, 2011; Jardine et al., 2018). The hydrolytic 

enzymes are safe, efficient, and stable in their activities. The advantage of hydrolytic enzymes 

is their ability to act on crude oil, causing higher diffusion rate, increase solubility, decrease 

viscosity, and they are active both at ambient as well as at higher temperatures (110OC), at pH 

3.0 to 11.0, which means that both acid and base pH favours them in bioremediation process. 

They are readily available, lack cofactor stereoselectivity, and allows the addition of water-

miscible solvent (Karigar & Rao, 2011). Since they are active at low temperatures, it is 

advantageous as it prevents the inhibitory effect of low temperatures on their activities in a 

system but maintains metabolism and supports microbial growth within the treatment system. 

Many bacteria species isolated in this study, such as listed in Table 4.2,  have been found to 

produce extracellular and hydrolytic enzymes that can degrade petroleum hydrocarbon (PAHs) 
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in the environment (Hasan et al., 2006). These bacteria capable of enzyme syntheses are mainly 

from phylum Firmicutes and class Gamma-proteobacteria, and they are suggested to have 

emerged from animal faeces and intestine, mostly from those animals that are herbivorous 

(Aziza & Hamida, 2018). This agrees with the type of bacteria isolated in this study, mostly 

from phylum Firmicutes and Gamma-proteobacteria. This class of bacteria could be because 

of the animal manure (pig, horse, poultry, and cow manure) used to prepare the compost 

treatment pile to raise bacteria capable and adapted to degrade oil sludge. Otherwise, it could 

be because of the soil collected from animal grazing farms for this study section 3.1.1.   

During bacteria screening for the production of hydrolytic enzymes such as amylase, cellulase, 

lipase, and protease, it is exciting to note that most of the isolates were able to produce more 

than one hydrolytic enzymes, which may have acted synergistically to hydrolyse crude oil 

sludge from its complex state to simpler and less toxic compounds that could be of less risk or 

harm to the environment hence the result obtained in Chapter Three, Table 3.6, and section 3.5. 

The production of these hydrolytic enzymes is induced/stimulated by the presence and 

concentration of complex crude oil waste sludge, which indicates that some products or 

substrates have been released because of crude oil sludge degradation (Ajao et al., 2012). The 

isolates were able to grow in crude oil sludge, which is termed a toxic and carcinogenic 

contaminant. These isolate's ability to degrade crude oil sludge in the enrichment culture media 

might be because of the presence and activity of the hydrolytic/extracellular enzymes they 

produce, which can breakdown crude oil sludge components (PAHs) into simpler substrates 

because of the hydrolytic enzymes’ non-specific activity. The bacteria isolates are important 

species; the enzymes they produced have been reported to be useful for bioremediation being 

used as biomonitors, and biosensors of PAHs present in crude oil sludge as they play vital roles 

in waste treatment (Alrumman et al., 2015; Singh et al., 2015; Jardine et al., 2018). This study 

engaged the mixture of microbial consortia because bacteria consortia are better degraders than 
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their single or pure counterparts. In the use of bacteria consortia, some of the species utilize the 

intermediates products or substrates produced by other bacteria species during the crude oil 

degradation process, as such this may lead to complete degradation of crude oil sludge in the 

treatment system (Ajao et al., 2012). 

4.13 Screening for biosurfactant production by bacteria isolates 
 

Biosurfactants can be found in different forms such as fatty acids, glycolipids, peptides, 

polysaccharides, and proteins, depending on the type of substrate used as a source of carbon 

and energy. They possess hydrophobic and hydrophilic properties that play a vital role in PAH 

degradation. These properties can disperse hydrocarbon into individual molecules, making 

them bioavailable for microorganisms to utilize, which in turn enhanced degradation. Many 

bacteria isolates can produce biosurfactants, which can enhance dispersion and interface 

tension. They act by forming an emulsion that can cause intracellular uptake and easy 

hydrocarbons' metabolism. These bacteria that produce biosurfactant and are capable of 

degrading hydrocarbon act by increasing the solubility and bioavailability of substrates, 

emulsifying the hydrocarbon into emulsion, microdroplets, and micelles so that they can easily 

pass through the bacteria cells because low solubility state of crude oil sludge can hinder the 

oxidation of crude oil sludge by microorganisms. This process shows biosurfactant's potential 

to disperse crude oil sludge, enhance the environmental remediation process in a low toxic 

state, and continue to be active at high temperature and pH.  Biosurfactant production by 

bacteria can be measured through the emulsification index, oil drop collapse, and oil 

displacement screening. As they are better screening tests to identify bacteria capable of 

producing biosurfactant without any specialized equipment, and it is an easy technique to 

perform. In this study, the capability of bacteria isolates to produce biosurfactant was 

conducted using the cell-free broth from the culture media. Most isolates showed the positive 
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result of the emulsification index and oil drop collapse, and oil displacement-screening tests. 

These assays confirmed the presents of biosurfactant in the supernatant collected by 

centrifugation of culture media at 8,500x g at 4OC for 10 min after 7 days of incubation at 30OC 

as described in section 4.5.4. The results confirmed that the bacteria isolated and identified 

were those capable of producing biosurfactant and degrade crude oil sludge components 

(Tables 4.3 and 4.4). These bacteria grew on such hydrophobic substrates and used 

hydrocarbons present as the sole source of carbon and energy to survive (Roy et al., 2018). The 

use of bacteria that produce biosurfactants in the remediation of crude oil sludge yields, to a 

great extent, increased biodegradation.  

4.13.1 Oil displacement screening 
 

Biosurfactant production screening via oil displacement was conducted on the 44 isolates 

mentioned above, as described in section 4.11.1 and Table 4.1. The results showed that 25 of 

44 isolates (56.81%) were positive, and they showed the capacity to produce biosurfactant, 

while 19 isolates (43.19%) were negative and did not produce biosurfactant. A drop of the 

supernatant as described in section 4.5.4 and 4.5.4.1 was added on crude oil sludge surface on 

40ml distilled water in the petri dish produced a clear zone (Figure 4.15), and the diameter was 

measured as shown in Table 4.3  
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Figure 4.15 The plates marked A and B is for the oil displacement screening. A is the initial 
plates where oil sludge is placed on the surface of distilled water, while B shows the clear zone 
in diameter of oil sludge being displaced at a drop of the supernatant containing biosurfactant 
present. 

 

4.13.2 Drop collapse screening 
 

Biosurfactant production screening via drop collapse was conducted using the 44 isolates 

mentioned above, as described in section 4.11.1 and Table 4.1. The oil drop collapse screening 

test was conducted as described in section 4.5.4 and 4.5.4.2. The results showed that 25 of 44 

isolates (56.81%) were positive and showed the capacity to produce biosurfactant, while 19 

isolates (43.19%) were negative and did not produce biosurfactant. A drop of the supernatant 

added on the crude oil sludge surface in the petri dish collapsed crude oil sludge (Figure 4. 16), 

and the results were recorded as shown in Table 4.3.  

4.13.3 Emulsification index test 
 

Biosurfactant production screening via the emulsification index test was conducted on 44 

isolates as described in section 4.11.1 and Table 4.1. The results showed that 25 of 44 isolates 

A 
B 
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(56.81%) were positive and showed the capacity for emulsification activity on crude oil sludge 

as described in section 4.5.4 and 4.5.4.3, while 19 isolates (43.19%) were negative and did not 

show any emulsification activity on crude oil sludge, the results were recorded as shown in 

Table 4.4.  

 

 

Figure 4.16 The plates marked A and B is for the oil drop collapse screening. A is initial 
plates where oil sludge is placed on the surface of distilled water, while B shows how oil sludge 
collapse and dissolve spreading over on the surface of the petri dish at a drop of the supernatant 
indicating the presence biosurfactant.  

 

 

 

 

 

 

 

 

 

 

 

A 

B 
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Table 4.3. Screening for biosurfactant production by bacteria isolates results confirmed 
biosurfactant in the supernatant collected by centrifugation of culture media at 8,500x g at 4OC 
for 10 min after 7 days incubation at 30OC.  

S/N          
Sample 
code 

Sample name 
Oil 
displacement 
test 

Oil displacement 
diameter Drop collapse 

1 CO3i Bacillus zhangzhouensis - - - 
2 CO6 Variovorax sp. - - - 
3 CO15 Paenibacillus sp + 2.0cm + 
4 CO20 Rhodococcus equi + 1.6cm + 
5 CO41 Bacillus subtilis + 1.2cm + 
6 CO102 Bacillus pumilus + 2.2cm + 
7 CO111 Microbacterium hominis - - - 
8 CT1 Brevibacterium  sp. - - - 
9 CT4 Ralstonia  sp. - - - 
10 CT5 Geobacillus sp. - - - 
11 CT10 Enterococcus mundtii + 1.9cm + 
12 CT22 Burkholderia lata + 2.8cm + 
13 CT23 Burkholderia 

cenocepacia + 2.2cm + 
14 CT121 Sanguibacter soli + 1.4cm + 
15 CT122 Gordonia sp. + 3.0cm + 
16 H3 Clostridium sordelli + 2.5cm + 
17 H4a Cellulosimicrobium 

funkei + 2.0cm + 
18 H81 Paeniclostridium 

sordellii, - - - 
19 H93 Burkholderia paludis + 2.2cm + 
20 H121 Rhodococcus hoagii + 1.5cm + 
21 H131 Pseudomonas stutzeri + 1.2cm + 
22 H151 Sphingomonas sp. + 1.5cm + 
23 HC7b Bacillus pocheonensis - - - 
24 HC10 Micrococcus aloeverae + 2.5cm + 
25 HC111 Bacillus simplex - - - 
26 OS3* Bacillus safensis - - - 
27 OS21 Bacillus thuringiensis + 3.0cm + 
28 Pi1 Bacillus atrophaeus + 1.8cm + 
29 Pi211 Actinobacteria bacterium - - - 
30 Pi132 Ochrobactrum sp. - - - 
31 Po1i Arthrobacter sp. - - - 
32 Po35 Sporosarcina sp + 2.0cm + 
33 Po41 Dietzia sp. - - - 
34 Po45 Staphylococcus succinus 

subsp. + 2.0cm + 
35 Po47 Sanguibacter sp. + 3.0cm + 
36 Po49a Lysinibacillus 

xylanilyticus + 2.0cm + 
37 Po62 Streptomyces sp. + 2.8cm + 
38 Po101 Actinobacteria 

bacterium. - - - 
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Symbols + = positive and - = negative. 

 

In this study, the screening of biosurfactant production revealed that a total of 56.81% of the 

bacteria isolates showed the positive result to drop collapse test, oil displacement test, and 

Emulsification index (E24) activity. Gordonia sp. strain CT122, Bacillus thuringiensis strain 

OS21, and Sanguibacter sp. strain PO47 had the highest displacement activity in diameter of 

3.0 cm, as shown in Table 4.3. The drop collapse test was not measured because as 

biosurfactant was dropped on the crude oil sludge surface, oil spread and covered the petri dish 

during the test. The surface activity for the drop collapse test did not displace oil on the surface 

of the petri dish. Therefore, the diameter was not measured in Figure 4.16 A/B; however, most 

of the bacteria isolates (56.81%) showed a positive result for the drop collapse test.  The 

Emulsification index (E24) activity showed that Bacillus thuringiensis had the highest 

emulsification index, 90.14%, followed by Burholderia leta strain CT22 83.21%, Gordonia sp 

strain CT122 83.21%, and Sanguibacter sp. strain Po47 83.21%, details are shown in Table 

4.4. The percentage of bacteria capable of producing biosurfactants may be because they were 

adapted to grow on complex crude oil sludge as substrate, which directly induced biosurfactant 

production (Thavasi et al., 2013; Shoeb et al., 2015). As shown in Tables 4.3 and 4.4, these 

isolates identified in this study have been reported in many studies to be crude oil and 

hydrocarbon degraders as well as biosurfactant producers (Bayoumi, 2009; Thavasi et al., 

2011). 

 

39 Po124 Lysinibacillus fusiformis - - - 
40 Po125 ET  Bacillus velezensis - - - 
41 Po129 Bhargavaea sp. + 2.5cm + 
42 Po141 Rhodococcus 

corynebacterioides - - - 
43 Po321 Bacillus megaterium - - - 
44 Po341 Pseudarthrobacter 

oxydans + 1.5cm + 
45 control Tween 80 + 4.0cm + 
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Table 4.4 Screening for the emulsification index (E24).  Results confirmed the percentage 
emulsification index (E24) by supernatant of bacteria culture mixed with oil sludge stand for 
24 hr at room temperature.  

 

Symbols + = positive and - = negative, the total height of solution for each was 3ml converted 
to centimetre = 1.4422cm. 

 

 

S/N 
         

Sample 
code 

Sample name Emulsification  

Total 
height 
of 
solution 
(cm) 

Emusification 
hieght (cm) 

Emulsification 
activity (%) 

1 CO3i Bacillus zhangzhouensis - 1.4422 - - 
2 CO6 Variovorax  sp. - 1.4422 - - 
3 CO15 Paenibacillus sp + 1.4422 1.0 69.34 
4 CO20 Rhodococcus equi + 1.4422 0.8 55.47 
5 CO41 Bacillus subtilis + 1.4422 0.5 34.67 
6 CO102 Bacillus pumilus + 1.4422 1.0 69.34 
7 CO111 Microbacterium hominis - 1.4422   
8 CT1 Brevibacterium  sp. - 1.4422   
9 CT4 Ralstonia  sp. - 1.4422   
10 CT5 Geobacillus  sp. - 1.4422   
11 CT10 Enterococcus mundtii + 1.4422 1.0 69.34 
12 CT22 Burkholderia lata + 1.4422 1.2 83.21 
13 CT23 Burkholderia cenocepacia + 1.4422 1.0 69.34 
14 CT121 Sanguibacter soli + 1.4422 0.6 41.60 
15 CT122 Gordonia sp. + 1.4422 1.2 83.21 
16 H3 Clostridium sordelli + 1.4422 1.0 69.34 
17 H4a Cellulosimicrobium funkei + 1.4422 1.0 69.34 
18 H81 Paeniclostridium sordellii, - 1.4422   
19 H93 Burkholderia paludis + 1.4422 0.8 55.47 
20 H121 Rhodococcus hoagii + 1.4422 0.6 41.60 
21 H131 Pseudomonas stutzeri + 1.4422 0.4 27.74 
22 H151 Sphingomonas sp. + 1.4422 0.5 34.67 
23 HC7b Bacillus pocheonensis - 1.4422   
24 HC10 Micrococcus aloeverae + 1.4422 1.1 76.27 
25 HC111 Bacillus simplex - 1.4422   
26 OS3* Bacillus safensis - 1.4422   
27 OS21 Bacillus thuringiensis + 1.4422 1.3 90.14 
28 Pi1 Bacillus atrophaeus + 1.4422 1.0 69.34 
29 Pi211 Actinobacteria bacterium - 1.4422   
30 Pi132 Ochrobactrum sp. - 1.4422   
31 Po1i Arthrobacter sp. - 1.4422   
32 Po35 Sporosarcina sp + 1.4422 1.1 76.27 
33 Po41 Dietzia sp. - 1.4422   
34 Po45 Staphylococcus succinus 

subsp. + 1.4422 1.0 69.34 

35 Po47 Sanguibacter sp. + 1.4422 1.2 83.21 
36 Po49a Lysinibacillus xylanilyticus + 1.4422 1.0 69.34 
37 Po62 Streptomyces sp. + 1.4422 1.1 76.27 
38 Po101 Actinobacteria bacterium. - 1.4422   
39 Po124 Lysinibacillus fusiformis - 1.4422   
40 Po125 ET  Bacillus velezensis - 1.4422   
41 Po129 Bhargavaea sp. + 1.4422 1.0 69.34 
44 Po341 Pseudarthrobacter oxydans + 1.4422 0.8 55.47 
45 control Tween 80 + 1.4422 1.44 99.84 
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These isolate's ability to produce biosurfactants was confirmed using drop collapse test, oil 

displacement assay, and emulsification (E24) index test at room temperature. These screening 

techniques have shown a good prospect for testing bacteria isolates capable of producing 

biosurfactant without any specialized equipment, and it is easy to perform. The bacterial 

isolates and biosurfactants they produced and the screening test carried out have shown that 

they can be useful to enhance bioremediation of complex crude oil waste in the environment. 

These results agreed with the screening test conducted to confirm biosurfactant presence in 

cell-free culture supernatant according to (Banat et al., 2010; Thavasi et al., 2013; Parthipan et 

al., 2017). However, the difference in quality and quantity may occur because of the type of 

carbon source or substrate used in biosurfactant production by bacteria. In this study, crude oil 

sludge was used as the substrate, while other studies may have used different carbon sources 

(Thavasi et al., 2013).    

4.14 Molecular screening for catabolic genes in bacteria isolates 
 

The detection of catechol‑2, 3‑dioxygenase genes on 44 bacteria isolates was done using 

specific primers. The results indicated that 38 of 44 isolates (86.36%) were positive and 

possessed the catechol‑2, 3‑dioxygenase (C23O) genes, while 6 isolates (13.64%) were 

negative possibly do not possessed the catechol‑2, 3‑dioxygenase (C23O) genes. The PCR 

amplified product revealed that the gene size was 900 base pairs with a 100 base pair maker or 

ladder (Piterina et al., 2010), Figure 4.17.  The result agreed with the 900-bp DNA fragment 

amplified by Zhao et al. (2011), Hamdy et al., (2014), and Hassan, (2014). The results 

confirmed that the bacteria isolates possessed these genes revealing these isolates' catabolic 

capabilities to degrading complex crude oil sludge (Obi et al., 2016). 
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Figure 4.17 The Image of PCR detection of catechol‑2, 3‑dioxygenase genes, viewed from 
1% agarose gel electrophoresis using Bio-Rad's gel documentation systems UV light, (Three 
combs were used for more wells and to run more samples at the same time). 

 

4.15 Antagonistic test on bacteria consortium in the media. 
 

The antagonistic activity revealed bacterial isolate's ability to suppress each other’s incidence 

and severity and produced cellular fatty acids when combined as a consortium in the media. 

This is very helpful in the selection of bacteria consortia for bioformulation. 
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4.15.1 Fatty acid analysis performed on the bacteria consortia amended with 
hydrocarbons 
 

The antagonistic analysis on bacteria consortium was conducted to test their ability to grow in 

the presence of different hydrocarbons, utilizing them as carbon sources and produce cellular 

fatty acids (FAMEs). This test showed a positive result at the end of the process. FAMEs 

produced during the antagonistic test was quantified using gas chromatography-MSD (Table 

4.5). The results showed that 6 fatty acid methyl esters were produced by bacteria consortium 

(bacteria consortium= BC) amended separately with different hydrocarbons of either 

anthracene, pyrene, and crude oil sludge in MSM based medium (where BC1: amended with 

crude oil sludge, BC2:  amended with pyrene and BC3: amended with anthracene), as carbon 

source. According to results obtained in this study, Methyl stearate was the highest produced 

fatty acid methyl ester (FAMEs), ranging from 13.19 mg-L in BC3, MSM amended anthracene 

followed by 12.79 mg-L in BC2, amended with pyrene and 12.55mg-L in BC1, amended with 

crude oil sludge. Then Hexadecanoic acid methyl ester ranging from 9.96 mg-L in BC2, 

amended with pyrene, followed by 9.30 mg-L in BC3, which was MSM amended with 

anthracene, while 9.07 mg-L was produced in BC1, amended with crude oil sludge. The least 

fatty acid methyl ester produced was 9-Octadecenoic acid methyl ester (E)- ranging from -0.27 

mg-L in BC1, followed by -0.53 mg-L in BC2 and -0.59 mg-L in BC3. Eicosanoic acid methyl 

ester 0.33 mg-L was only produced in BC3 and was not found in samples BC1 and BC2. Finally, 

with Docosanoic acid methyl ester produced was 1.03 mg-L in BC2 and 0.94mg-L in BC3.  

The fatty acid methyl esters (FAMEs) production during the antagonistic test with bacteria 

consortia was confirmed by biodegradation of hydrocarbons present in the media as yielded in 

the process. FAMEs production’s advantages were to intensify solubility, the bioavailability of 

hydrophobic compounds for substrate mass transfer into the cell, enhancing the efficacy of 

surface activity of the hydrophobic phase, and enable hydrocarbon cellular uptake by bacteria. 
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Fatty acid methyl esters (FAMEs) also indicate microbial degradation of hydrocarbon (Esin et 

al., 2013). Several studies reported that the presence of FAMEs enhances the biodegradation 

of hydrocarbons, indicating that FAMEs play an essential role in bacteria uptake of 

hydrocarbon substrates (Owsianiak et al., 2009; Bertel-Sevilla et al., 2020). Furthermore, 

FAMEs production by bacteria is a specialized protective mechanism and response to 

environmental stress (low/high temperature, pH, and salinity levels) and harshness of 

contaminants such as crude oil sludge (Bertel-Sevilla et al., 2020). The increase in the 

production of FAMEs by bacteria cells causes high fluidity and influences the permeability of 

their cell membranes, which may change bacteria community composition to favour more the 

dominance of such a particular FAMEs producer (Bastida et al., 2016). This antagonistic test 

revealed that most gram-negative bacteria might have been suppressed; this agrees with the 

result in Table 4.5, which suggests that gram-positive bacteria in the consortia may be more 

viable.  

Some studies have shown that most gram-positive bacteria such as Rhodococcus erythropolis, 

Micrococcus sp, Cellulosimicrobium sp, Clostridium sp., Bacillus sp., Streptococcus mutans, 

and Lactobacillus casei can regulate and maintain the production of FAMEs, fluidity, and 

permeability of their membrane structure and function depending on their environmental 

conditions such as low/high temperature, pH, and salinity levels (Ibekwe & Kennedy, 1999; 

De Carvalho, 2012). These changes also enhance biodegradation of hydrocarbons, according 

to the report by Thomas et al., (2017), because bacteria isolates involved have extensive 

catabolic activities, genetic versatility, high solvent tolerance, cell surface hydrophobicity that 

enhances bioremediation of hydrophobic compounds, biosurfactant production and capability 

to grow in any environmental conditions. This report agrees with the level of PAH reduction 

recorded in Table 3.6. 
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According to Thomas et al. (2017), the biodegradation of FAMEs and hydrocarbons could 

occur via esterase enzymes like lipases, a biocatalyst of esterification or de-esterification 

reactions, and oxidation pathway. These reactions solubilize contaminants into a biodegradable 

substance and increase biodegradation. The production of the saturated methyl esters, such as 

methyl stearate and hexadecenoic acid methyl esters obtained in this study, could be based on 

the number of gram-positive bacteria isolates that made up the consortia. These gram-positive 

bacteria respond to low and high environmental conditions (temperature and pH) because 

gram-positive bacteria are likely to produce saturated methyl esters in the presence of 

hydrocarbons as they respond to environmental stress and harshness to regulate or maintain 

their cell membrane fluidity and permeability. This result agrees with the study by De Carvalho 

(2012), where Rhodococcus erythropolis cells, gram-positive bacteria, responded to both low 

and high temperatures by increasing the degree of saturated fatty acid.  

During the antagonistic test in this study, 68% of bacteria isolates that made up the consortia 

were gram-positive, which may account for the high production of the saturated fatty acid 

methyl ester obtained (methyl stearate and hexadecenoic acid, methyl esters), as shown in 

Table 4.5. 

 

Table 4.5 Fatty acid analysis performed on the bacteria consortia amended with hydrocarbons 

Fatty acid methyl ester BC1(in MSM)mg-L BC2(in MSM)mg-L BC3(in MSM)mg-L 
Methyl tetradecanoate 0.23 0.18 0.15 
Hexadecanoic acid, methyl ester 9.07 9.96 9.30 
Methyl stearate 12.55 12.79 13.19 
9-Octadecenoic acid, methyl 
ester, (E)- 

-0.27 -0.53 -0.59 

Eicosanoic acid, methyl ester   0.33 
Docosanoic acid, methyl ester  1.03 0.94 
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4.15.2 Scanning Electron Microscopy 

  
The effect of antagonistic activity on bacteria community composition in a consortium was 

tested to examine the extent of successive suppression of each other. The effect was captured 

with a scanning electron microscope (SEM), as shown in Figure 4.18. This was done to reveal 

bacterial isolate's protective and survival capability when combined as a consortium in the 

media.  The result showed a synergic relationship between the isolates. In BC1 amended with 

crude oil sludge, long rod isolates were more visible/viable in the media, and few sphere/cocci 

isolates were also seen, but they were curbed by the long rods, while in BC2 amended with 

pyrene sphere/cocci isolates dominated the media, and it was difficult to detect the rod-shaped 

isolates even though they were present and in BC3 amended with anthracene long and short 

rods isolates dominated the media and a few sphere/cocci isolates were visible. These results 

captured with a scanning electron microscope agreed with the gram reaction test, which 

revealed that the bacteria isolated were mostly short/long rods and a few cocci (Figure 4.18). 

The results showed that gram-positive bacteria were dominant, and when examining the 

scanning electron microscope, short/long rods were active, visible, and viable at the end of the 

antagonistic treatment.  The viable bacteria community’s cell structure that made up the 

consortium in MSM media amended with 10% (v/v) of either Anthracene, Pyrene, or crude oil 

sludge was revealed. Using a high magnification and resolution SEM imaging on specimens 

BC1, BC2, and BC3 was performed at 5,000X to 10,000X magnifications, 5.0 kV LED electron 

beam voltage focus energy, 9.6mm to 10.3 nm WD spatial resolution working distance, 1 µm 

length scale bar aperture diameter.  The SEM images showed that gram-positive, rod-shaped 

bacteria isolates were more viable and dominant with fewer cocci, as shown in Figure 4.18. 

This image agrees with the results obtained for the gram’s reaction test results in section 4.9 

and Figures 4.3 A&B, which revealed that gram-positive bacteria were dominant in all samples. 

In fatty acid methyl esters (FAMEs) analyses, the results agreed with high production of Methyl 
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stearate and Hexadecanoic acid methyl ester attributed to the capabilities of gram-positive 

bacteria to increase or lower cell membrane fluidity, permeability and their potential to 

solubilize hydrocarbons into bioavailable substrates, which may elevate biodegradation of 

crude oil sludge. 

 

  

A A 

gram -/cocci 
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Figure 4.18. Scanning electron micrographs image at 5,000X to 10,000X magnifications, 5.0 kV 
LED electron beam voltage, 9.6mm to 10.3 nm WD spatial resolution working distance, 1 µm 
length scale bar aperture diameter.   The antagonistic activity of bacteria consortia built-in MSM 
amended separately with 10% (v/v), (A) BC1 = crude oil sludge (B) BC2 =  pyrene, and (C) BC3 =  
anthracene, incubated in an orbital shaker at 150 rpm in the dark at 25OC for 30 days, testing their ability 
to suppress the incidence and severity of other bacterial isolates. Mostly, gram-positive rods and few 
gram-negative cocci were revealed at different zoom lengths.  

B B 

C C 
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4.16 Culture Independent Microbiological Analyses 
 

This study also adopted a microcosm based culture-independent metagenomic approach using 

high throughput sequencing of 16S rRNA genes to elucidate the nature of autochthonous 

microbial community structure and dynamics in the co-compost piles of crude oil waste sludge 

with different animal manures. Specifically, analysing the effect of co-composting with animal 

manure (that is: cow, horse, pig, and poultry manure) on biodegradation potential and changes 

in native prokaryotic diversity composition of crude oil sludge.  

4.16.1 High-throughput metagenomic and Illumina sequencing 
 

Metagenomics analysis in this study elucidated the bacterial community composition residing 

in crude oil waste sludge and animal manure compost piles. Then, it explored the scope for co-

composting bioremediation of crude oil waste sludge, revealing detailed information of the 

dominant microbial diversity of both cultivable and uncultivable bacteria directly from the co-

composted samples. Sample codes for Illumina MiSeq analysis were explained in section 4.6.1 

above. 

4.16.1 Bioinformatics and Sequence Data analyses 
 

The extracted DNA having A260: A280 ratios between 1.8–2.0 and DNA concentrations of 

20–150 ng/μL were used for downstream library preparation and sequencing; it was sequenced 

on Illumina MiSeq 250 platform with V3 chemistry (2x300 cycles kit) (Illumina Inc., San 

Diego, CA, USA) as described by (Selvarajan et al., 2019).  To determine the bacterial 

community composition present in the compost mixture amended with animal manure, the 

obtained raw sequence (Fastq) datasets were initially scrutinized for PCR artifacts and low-

quality reads (reads with >50% bases having a quality score < 2) using ngsShoRT (next-

generation sequencing short reads) trimmer as described by (Chen et al., 2014). Following the 
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screening process, all the sequence data sets were analysed using Mothur pipeline v.1.40.0 

(Schloss et al., 2009).  During the analysis, sequence reads containing low nucleotides (<50 

nts), ambiguities (>2%), and homopolymers (7%) were excluded, along with sequences of 

mitochondrial and chloroplast origins. Chimeric sequences were removed with the UCHIME 

algorithm (Edgar et al., 2011), and non-chimeric reads were later classified using the Naïve 

Bayesian classifier algorithm (Wang et al., 2007) against the SILVA database version 128 

(Quast et al., 2013) with a confidence threshold of 80% to assign taxonomic identity of bacteria. 

A pairwise distance matrix (Euclidean distance matrix) was created from the curated aligned 

datasets to group sequences into OTUs at a sequence similarity of 97% for identification. The 

diversity indices (Shannon-Weaver and Simpson indices) and microbial community richness 

index (Chao 1) the genetic distance was calculated at 0.03 to measure the diversity among the 

data sets. The identified dominant OTUs at genus level were used to generate a heat map using 

R package (version 3.6.1) to visualize the variations and distributions of co-composted mixture 

bacterial community. Visualisation of phylogenetic abundance was achieved using Circos 

online tool. To understand the potential genetic capabilities of the co-composted mixture 

bacterial community, the PICRUSt (phylogenetic investigation of communities by 

reconstruction of unobserved states) software package was used as described by Langille et al., 

(2013).    

To explain the relationship between bacterial abundance and the reduction of the selected 

PAHs, Canonical Correspondence Analysis (CCA) ordination triplot was generated using the 

PAST (v3.2) software package (Hammer et al., 2001). Following normalization, prediction of 

bacterial functions was performed by first removing the influence of the 16S marker gene copy 

numbers in the species genomes and obtaining KEGG Orthology (KO) information and KO 

abundance corresponding to OTUs.  The Nearest Sequenced Taxon Index (NSTI) value 

validated predicted functional and metabolic pathways reliability. The heatmap of the predicted 



209 
 

relative abundances of genes related to different functions was generated using 2 packages in 

R (v3.6.1). The estimated relative abundance of individual taxa within each community was by 

comparing the number of sequences assigned to a specific taxon against the number of total 

sequences obtained for that sample. The top OTUs at the genus level were used to generate a 

phylogenetic heatmap and see the pattern of co-composted mixture bacterial community 

variation and distribution along with the measured reduction of the selected PAHs result is 

shown in Table 3.6.  

4.16.2 Microbial community diversity and structure 

  
The improved NGS sequencing and its data analysis provide faster and cheaper molecular-

based techniques that reveal bacterial community composition extensively in a sample (Mao et 

al., 2012; Plaizier et al., 2017).  The data analysis used rarefaction curves to calculate the 

bacterial diversity of OTUs in each sample at a genetic distance of 3%. In this study, the 

rarefaction curves for the number of OTUs are shown in Figure 4.19, and it was observed to 

have reached the plateau for all the samples.  

Figure 4.19. Rarefaction curves indicating the observed number of OTUs within the 16S rRNA 
gene sequences of crude oil sludge samples composted using different manures. OTUs at the 3% 
genetic distance levels.  
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Thus, in the calculation of sequencing coverage between samples, coverage values of all co-

compost samples, including the control without manure amendment, reached a sequencing 

depth of over 15,000, suggesting that sequencing depth for all samples were sufficient enough 

to have covered almost all bacterial species that might be present in these samples. The 

rarefaction curves show that the sequencing depth curve was highest in pig/swine (SM) co-

compost with over 40,000; however, taxa confidence was high in cow co-compost (CM), 

followed by poultry co-compost (PM), and the least was control sample (CT), which had no 

manure. 

4.16.3 Comparative distribution of bacterial communities in all compost samples 

   
The effect of composting with animal manures and crude oil sludge on bacterial richness and 

diversity are shown in Table 4.6, as indicated by the number of OTUs classified at 97% distance 

of amplified 16S rRNA gene sequences.  The PCR artifacts were adequately checked and 

filtered where necessary. A total of 125,972 good reads were obtained from the different co-

composting samples as shown in Table 4.6, where the Poultry co-compost (PM) sample 

indicated to be the highest 26,884 and 119 OTUs, followed by Horse co-compost (HM) sample 

25,972 and 69 OTUs, Pig co-compost (Swine SM) sample 40,129 and 47 OTUs,  Cow co-

compost (CM) sample 15,377 and 179 OTUs, and Control treatment (CT) sample 17,610 and 

44 OTUs.  The diversity index was determined by diversity richness indices and the abundance-

based coverage estimation, while Shannon and Simpson's indices were used to estimate the 

diversity of bacterial species (Plaizier et al., 2017). Chao1 index shows the OTU richness 

estimator revealed the lowest number of OTUs richness in the Control treatment sample (CM 

= 44 OTUs) and the highest in the Cow co-compost sample (CM = 179 OTUs). In addition to 

Chao1, the diversity index estimated by the Shannon-H index showed highest in the Cow co-

compost sample (CM1 = 2.83) and lowest in the Horse co-compost sample (HM= 1.27). 
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Good’s coverage estimators indicated that the size of libraries was enough, and according to 

Goods formula, the coverage of the samples was PM = 99.7%, HM = 98.5%, CM = 99.2%, SM 

= 98.6%, CT = 99.0%, which showed mostly that the dominant bacterial communities were 

covered in this study. A more comprehensive explanation of the data about the retrieved OTUs, 

percentage of coverage, Chao1, and Shannon indices is shown in Table 4.6. 

 

Table 4.6. Summary of sequencing outputs and diversity indices for bacterial  

communities in composting experiments of crude oil sludge using different manurea 

a PM – poultry manure; HM – horse manure; CM – cow manure; SM – swine/pig manure; and CT – control 
(CT = enrichment sample having no manure supplementation).  
† Chao-1, community richness-higher number represents more richness; Shannon-H, community diversity-

higher number represents more diversity; coverage, sampling depth; OTUs, Operational taxonomic units 
 

The 16S rRNA gene sequences (V1-V3 region) revealed the significant portion of the 

sequences of bacterial diversity in all the co-compost samples, including the bacteria consortia 

(BC1, BC2 & BC3), and from the result obtained, they were affiliated to the top 17 phyla, 42 

classes, 83 orders, 162 families and 359 genera. The taxonomic distribution further revealed 

Indices† PM HM CM SM CT 

OTU  119 69 179 47 44 

Target reads 26,884 25,972 15,377 40,129 17,610 

Dominance-D 0.29 

(0.282-0.291) 

0.51 

(0.503-0.518) 

0.13 

(0.131-0.138) 

0.12 

(0.119-0.122) 

0.11 

(0.113-0.119) 

Simpson-1-D 
0.71 

(0.709-0.718) 

0.49 

(0.482-0.497) 

0.87 

(0.862-

0.0.869) 

0.88 

(0.878-0.881) 

0.88 

(0.881-0.887) 

Shannon-H 1.91 

(1.885-1.926) 

1.27 

(1.253-1.292) 

2.83 

(2.809-2.865) 

2.65 

(2.639-2.664) 

2.76 

(2.737-2.774) 

Evenness-e^H/S 0.06 

(0.055-0.058) 

0.05 

(0.051-0.053) 

0.10 

(0.098-0.098) 

0.30 

(0.298-0.305) 

0.36 

(0.351-0.364) 

Chao-1 119 

(119.2-128.2) 

69 

(69.3-80.0) 

180 

(180.8-196.3) 

47 

(47-48) 

44 

(44-47) 

Goods coverage 

(%) 
99.7 98.5 99.2 98.6 99.0 
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that they were dominated by 5 phyla, Proteobacteria, Actinobacteria, Firmicutes, 

Bacteroidetes, Acidobacteria, and minor phyla (unclassified), as shown in Figure 4.20. The pie 

chart graphical representation of the bacterial community structure at the phylum level showed 

that Proteobacteria dominated over 70% in all samples.   

 

Figure 4.20. A circular graphic classification of the bacteria community structure 
revealing the top 5 phyla present in all the compost samples, including the consortia. The 
samples were coded Cow compost CM = LM1, Pig compost SM = LM2, Poultry compost PM = DM1, 
Horse compost HM = DM2, Control sample without the amendment of any animal manure CT = SM1 
and SM2. Then lastly, bacterial consortium = BC were pure isolates (consortia) used for antagonistic 
test: (BC1: = amended with oil sludge, BC2: = amended with pyrene and BC3: = amended with 
anthracene). The values represented in the inner ring shows the number of reads designated to each 
phylum.  
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Furthermore, the relative abundance distribution of phylum Proteobacteria in all samples was  

(99%) in horse manures HM,  poultry manure PM (90%), control sample CT (85%), pig/swine 

manure SM (50%), and it was low in cow manure CM (20%), while cow manure CM was 

dominated by Actinobacteria (35%) and Firmicutes (45%). The least observed phylum was the 

Bacteroidetes which was present in pig manure SM (20%) and poultry manure PM (5%) 

samples. It was also observed that poultry co compost manure PM and pig/swine co compost 

manure SM samples were unique because the two harboured all the 4 dominant phyla 

(Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes, and minor phyla (unclassified), 

although in different proportions Figures 4.21a.    

The distribution of these phyla into different classes was further revealed; phylum 

Actinobacteria was distributed into 10 classes and minor with the relative abundance of 

Corynebacteriales in CM 75% being the highest, followed by class Propionibacteriales, which 

was most dominant based on their relative abundance in all samples SM 55%, CT 50%, PM 

45%, HM 45% respectively, while the relative abundance of Acidimicrobiales 5% and 

Actinomycetales 8% in HM was the lowest Figure 4.21b. Phylum Proteobacteria was 

distributed into 9 different classes and minor, with its relative abundance comprising of α, β, 

γ, with Acidithiobacillales (γ) being the highest 80% observed in the CM sample, followed by 

Pseudomonadales (γ) which was revealed to be relatively more abundance in all sample (HM 

78%, PM 50%, SM 45%, CT 35% and least in CM 3%), meanwhile the lowest class observed 

was Legionellales (γ) 3% in all samples. The result revealed that class γ dominated phylum 

Proteobacteria in the order of γ = 5, α = 3, β = 1 respectively Figure 4.21c.  The Firmicutes 

was distributed into 4 classes and minor with the relative abundance of Clostridiales in SM 

90% being the highest, followed by Bacillales which was most dominant in all sample based 

on their presence CM 85%, CT 65%, PM 65%, and HM 10%, while the relative abundance of 

Selenomonadales 10% was the lowest of this phylum and were only observed to be present in 
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CT sample Figure 4.21d.  A detailed phylogenetic classification from phyla and class level in 

all the compost samples and more information on the relative abundance of bacterial 

classification across the compost samples is shown in Figure 4.21.   

 

Figure 4.21 The Comparative taxonomic distribution of bacterial communities in crude oil sludge 
composting treatment with poultry (PM), horse (HM), cow (CM), and swine (SM) manures and 
control samples (CT). Diversity at the phylum level (a) and the dominant orders in the three most 
abundant bacterial phyla are illustrated (b-d). The classification of the dominant bacterial orders 
belonging to phylum proteobacteria into either a-, b- and g- class lineage is shown in brackets (c). 
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Moreover, the top 4 dominant phyla among all the compost samples (Proteobacteria, 

Actinobacteria, Firmicutes, Bacteroidetes as well as minor phyla (unclassified) were further 

analysed for their genera level distribution using heatmap/Venn diagram, and from the result 

obtained, they were affiliated to 359 genera of bacterial diversity in all the co-compost samples, 

as shown in Figure 4.22. They are presented into distinct clusters based on their relative 

taxonomic distribution, and grouping was done using a heatmap of the normalized abundance 

at the genus level for bacteria in six microcosm metagenomes (Figure 4.22a). A Venn diagram 

(Figure 4.22b) was used in representing the common microbiome diversity among the entire 

samples amended with manure, as well as the control treatments without manure amendment, 

and (Figure 4.22c), within the four manure-treated samples only. The top  30 genera’s OTUs 

(Figure 4.22a) in different compost samples were revealed in the order which showed that 

Pseudomonas sp. was the highest and was relative abundant in all the sample (>10 = PM, HM, 

and SM) but low in sample CM (>5), followed by Propionibacterium sp. (>10 in SM and CT), 

Delftia sp. (>10 in SM and CT), Methylobacterium sp. (>10 in SM and CT, but <10 in PM and 

HM), Bradyrhizobium sp. (<10 in SM and CT), Parvibaculum sp. (<10 in CT), Achromobacter 

sp. (>10 in PM and HM), Sphingobium sp. (<10 in HM), Rhodanobacter sp. (>10 in PM), 

Aflpia sp. (<10 in CT), Klebsiella sp. (<10 in CT), Burkholderia-Paraburkholderia (<10 in 

CT), Micrococcus sp. (<10 in SM), Cupriavidus sp. (<10 in SM), Enterococcus sp. (<10 in 

SM), Oscillibacter sp. (<10 in SM), Actinolalae sp.(<10 in SM), Lachinoclostridium  sp. (<10 

in SM), Sedimentibacter sp. (>10 in SM), Proteiniphilum sp. (>10 in SM), Stenotrophomonas 

sp. (<10 in PM and HM), Pseudoxanthomonas sp. (<10 in SM and HM),  Sphingomonas sp. 

(<10 in SM and CT), Staphylococcus sp. (<10 in SM and CT), and Acidibacter sp. (<10 in SM 

and CT) were relatively lower <10, in sample SM and CT. Some unclassified genera were 

identified Uncultured (>10 in SM and CT), Enterobacteriaceae_unclassified (<10 in SM and 

CT), Rhizobiales unclassified (<10 in PM, but <5 in CM, SM and CT), Uncultured_ge (<10 in 
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SM but <5 in CT, SM and CM), Lachinospiraceae_unclassified (<10 in SM). The results 

further revealed that sample SM and CT were unique because the two harboured relatively 

more genera dominantly in higher and different proportions than other manure-treated samples, 

according to the result obtained in Figure 4.22a. 

 

 

Figure 4. 22. Relative taxonomic distribution of genera and common microbiome diversity in the 

composting treatment of crude oil sludge. a) Heatmap of the normalized abundance at the genus level for 

bacteria in the six microcosm metagenomes. Colour code based on higher (red) or low (blue) relative abundance 

in metagenomes (see the scale on the top left). b-c) Venn diagrams representing the common microbiome diversity 

among the samples of (b) entire manure-amended and control treatments and within the four manure-treated 

samples only (c).  
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4.16.4 Comparing shared and common bacterial diversity among the samples 

  
The Venn diagrams revealed that the total number of relative abundances of OTUs shared at 

genera level among manure-treated as well as control samples and between each of the 

manured-treated samples.   The total OTUs observed in the manure-treated and control was 

276, which showed the relative abundance of 233 OTUs (84.4%) for manure-treated and 9 

OTUs (3.3%) for control while 34 OTUs (12.3%) was shared among them Figure 4.22b. When 

manure-treated samples were compared individually, it was observed that CM had the highest 

96 OTUs (36%), but when compared with Figure 4.22a, it shows that all genera were present 

but in relatively low abundance. The next was PM 43 (16.1%) OTUs, HM 27 (10.1%) OTUs, 

and SM was the lowest 8 (3%) OTUs. It was observed that 11 (4.1%) OTUs was shared among 

them (CM, PM, HM, and SM) while CM and SM shared 8 (3%), SM and PM 5 (1.9%), CM 

and HM 7 (2.6%), HM and PM 6 (2.2%) respectively Figure 4.22c. More information on the 

relative abundance of bacterial OTUs at the genera level across the manure-treated samples is 

shown in Figure 4.22.  The difference in the relative abundance of bacterial diversity when 

compared in each sample amended with animal manure (pig/swine, cow, horse, poultry, and 

control) shows that manure/crude oil sludge may have influenced the bacterial composition. 

The result obtained in Figure 4.22b may have been influenced by the nutrients from manures, 

availability of metabolites from crude oil sludge and its derivatives, as well as the influence of 

the activities of degrading bacteria species during the treatment. This agrees with the PAHs 

reduction results shown in Table 3.6, indicating that the use of bacteria for the degradation of 

crude oil sludge (Ibuot & Bajhaiya, 2013) stands out ( Das & Chandran, 2011; Chemlal et al., 

2012) and is possible as long as a large population of bacteria that possess the appropriate 

degrading capabilities is present and the conditions are favourable as well as adequate for their 

growth and activities (Das & Chandran, 2011; Chemlal et al., 2012;  Ubani, 2012; 

Ambrazaitienė et al., 2013;  Liu et al., 2014). It also agrees that composting is a promising 
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treatment and intense scientific procedures which must be tailored to specific sites conditions 

as it relies on activities of diverse and adapted successive bacterial populations that combines 

the action of both mesophilic and thermophilic bacteria for the degradation of oil sludge; hence, 

the result revealed in Table 3.6, (Boopathy, 2000, Mani & Kumar, 2014; Ofoegbu, 2015; 

Azubuike et al., 2016; Abatenh et al., 2017; Huhe et al., 2017).   

To ascertain these claims on the functions, ability, and role of these bacterial communities in 

the compost mixture amended with animal manure, the bacteria species were first isolated from 

the compost mixture using the culture-dependent method, and their 16S rRNA gene was 

identified by sanger sequencing. Then, the capability of individual bacteria isolates to grow, 

utilize and degrade target PAH was established in an enrichment culture media as shown in 

Table 4.8, and supported by the viability/degradability-screening test in a media with crude oil 

sludge as the sole source of carbon and energy using redox indicator method with 2, 6-

dichlorophenol indophenol (2,6-DCPIP) for colour change from blue (oxidized) to colourless 

(reduced) Figure 4.12. They were further analysed using PCR screening for the presence of 

catechol 2,3-dioxygenase (cbzE gene) Table 4.7. The finding was confirmed with a culture 

media amended with crude oil sludge. The results obtained from the 2,6-DCPIP degradation 

assay were computed to compare their synergistic relationship with each other using a 

maximum-likelihood phylogenetic tree for the bacterial phylotypes reported in composting 

treatment of crude oil sludge using different manures. The replicate trees that is associated with 

taxa cluster are shown (in percentage) next to the branches. The isolates highlighted in blue 

exhibited PAH degradation ability using 2,6-DCPIP tests Figure 4.23.  Table 4.7 showed 

bacteria species ability to degrade and utilize PAHs present in the culture media by 

decolourising 2,6, DCPIP from blue to colourless between 3-7 days. This served as an indicator 

of the activities and capability of degrading bacteria to utilize PAHs as their sole carbon and 

energy source, thereby degrading them in the process. According to the results obtained, the 
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bacterial species indicator was revealed to be those identified and listed in Figures 4.22a, 4.23, 

and Table 4.7. They include genera of classified and unclassified OTUs reported to be PAHs 

degraders (Adam et al., 2017); they belong to phyla, class, and genera level indicated in Figure 

4.21. 

 

 

Figure 4.23. The Maximum-likelihood phylogenetic tree for the bacterial phylotypes reported in 
composting treatment of crude oil sludge using different manures. The percentage of replicate trees 
in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to 
the branches. The isolates highlighted blue exhibited PAH degradation ability using 2,6-DCPIP tests 
(see Figure 4.12). The relative abundance of the phylotypes in different manures is given in Figure 4.24. 
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Table 4.7. The ability of individual PAH-degrading bacterial isolates to utilize and grow on crude 
oil sludge as the sole carbon source. PCR screening results for the presence of catechol 2,3-
dioxygenase (cbzE gene) in PAH-degrading isolates is also provided 

Isolate 2-DCIP test § CFU/ml 
(x 104) ‡ 

cbzE 
gene 3-days 7-days 

Paenibacillus spp. Strain CO15 +++  2.61 + 
Cellulosimicrobium funkei strain H4A +  3.10 + 
Dietzia sp. Strain PO41 ++  2.36 + 
Arthrobacter sp. Strain PO1i - ++ 1.49 + 
Microbacterium hominis strain CO111 - ++ 1.64 + 
Bacillus subtilis strain CO41 - ++ 2.14 + 
Micrococcus aloeverae strain MC10 +  2.41 + 
Rhodococcus equi strain CO20 +++  1.08 + 
Streptomyces sp. Strain PO62 +  1.15 + 
Pseudomonas stutzeri strain H131 +++  1.89 + 
Lysinibacillus sp. Strain PO124 - +++ 1.19 + 
Lysinibacillus xylanilyticus strain PO49A +++  2.06 + 
Bacillus atrophaeus strain Pi1 +++  2.04 + 
Brevibacterium sp. strain CT1 - + 0.09 - 
Burkholderia lata strain CT22 - +++ 1.72 + 
Burkholderia paludis strain Pi132 +++  2.00 + 
Clostridium sordelli strain H3 +  3.12 + 
Pseudarthrobacter oxydans strain PO341 ++  2.80 + 
Sporosarcina sp. strain PO35 +  1.40 + 
Burkholderia paludis strain H93 - +++ 1.00 + 
Sanguibacter sp. strain PO47 ++  1.10 + 
Sanguibacter soli strain CT121 ++  1.00 + 
Bacillus thuringiensis strain OS21 +++  2.00 + 
Gordonia sp. strain CT122 +  2.00 + 
Staphylococcus succinus subsp. succinus 
strain PO45 

++  1.90 + 

Enterococcus mundtii strain CT10 +  2.00 + 
Burkholderia cenocepacia strain CT23 - ++ 179 + 
Ochrobacterium sp. strain Pi132 - ++ 0.13 - 
Bacillus pumilus strain CO102 +++  2.00 + 
Sphingomonas sp. strain H151 +++  1.89 + 
Bhargavaea sp. strain PO129 +++  2.00 + 
Rhodococcus corynebacterioides strain 
PO141 

- ++ 1.50 + 

Rhodococcus hoagii strain H121 +++  2.89 + 
Escherichia coli strain W3110† - - ND - 
Bacillus zhangzhouensis sp. strain CO3i - + 0.10 - 
Geobacillus sp. CT5 - + 1.00 - 

 † E coli lacking the ability to utilize PAHs in crude oil sludge was used as a negative control 
 § Rating based on the loss of 2-DCPIP indicator blue colour due transfer of electrons from the degradation of 

PAHs by bacteria: -, no change, +, minimal; ++, moderate; and +++, complete colour change to colourless. 
 ‡ Plate counts after culturing in MSM-crude oil sludge for 30 days. Not detected = ND. 
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Figure 4.24. The relative abundance of 31 bacterial groups (based on OTUs) isolated from the cow 
(CM), horse (HM), poultry (PM), and pig (SM) manure amended samples after 10 months of 
composting treatment of crude oil sludge.  
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The relative abundance of genera OTUs was present in all samples in different proportions, 

and their distribution must have influenced their ability and potential versatility in degrading 

crude oil sludge (PAHs) Figure 4.24 above. They are those reported in many studies to be 

versatile in degrading a wide range of PAHs and complex crude oil waste sludge (Adams, 

Adams, & Ehinomen, 2016; Sarkar et al., 2016; Adam et al., 2017; Sarkar et al., 2017). They 

include Bacillus sp, Mycobacteria sp, Phenylobacterium sp, Sporosarcia sp, Pseudo-

xanthomonas sp, Microbacterium sp, Streptomyces sp, Achromobacter sp, Pseudomonas sp, 

Rhodococcus sp, Burkholderia-Paraburkholderia sp, Sphingomonas sp, to mention but a few, 

and they were observed to be present in all the compost mixture in different proportions. It is 

necessary and interesting to note that the bacteria identified using the culture-dependent 

method with Sanger sequencing were the same ones obtained from Illumina amplicon 

sequencing (MiSeq), and the genera abundance was 90% out of the total in all the compost 

mixture and control. 

4.16.5 Antagonistic test functional OTUs 
 

Then, an antagonistic test was conducted on the isolated bacteria species to ascertain succession 

on the bacteria consortia amended with hydrocarbons in BC1 (culture media amended with 

crude oil sludge), BC2 (culture media amended with Pyrene), BC3 (culture media amended 

with Anthracene), Figure 4.25.  The relative abundance at the genus level, both classified and 

unclassified, of top 44 genera’s in different consortia samples with crude oil sludge (BC1), 

pyrene (BC2), and anthracene (BC3) were tested for viability and antagonistic succession. The 

result revealed that Sphingomonas sp., Pseudomonas sp., Microbacterium sp., Rhodococcocus 

sp., Burkholderia-Paraburkholderia sp., Bradyrhizobiaceae_unclassified  were relatively 

viable and more dominant as represented in colour key of 5-15 in BC1, BC2, and BC3 samples, 

followed by Bacillus sp., Delftia sp., Cellulomonas sp., Enterobacter sp., Aflpia sp., showing 

colour key of 5-10, whereas the rest 33 genera were present in all samples BC1, BC2, and BC3, 
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but their viability and relative abundance were low as they showed colour key of 0-5 as detailed 

and indicated in Figure 7, a heatmap depicting the relative abundance of 44 PAH-degrading 

bacterial consortia genera enriched culture in MSM after 30 days, supplemented with crude oil 

sludge (BC1), Pyrene (BC2) and Anthracene (BC3) as sole carbon sources.  A detailed 

representation of different genera from all the samples, which indicates their relative abundance 

as PAH degraders in-situ, is shown in Figures 5a, 6, 7, and Table 8.  These bacterial strains at 

the genus levels have been found in PAH-contaminated environments, and they are the same 

bacteria population in previous reports accounted for the community responsible for the 

degradation of PAHs in all samples (Seyedi et al., 2013; Santisi et al., 2015; Adams et al., 2016; 

Sarkar et al., 2016; Adam et al., 2017). The top dominant community was phylum 

Proteobacteria which revealed 5 genera (Sphingomonas sp., Pseudomonas sp., Burkholderia-

Paraburkholderia sp., Afipia sp., and Methylobacterium sp.), next was phylum Actinobacteria 

2 genera (Microbacterium sp. and Rhodococcus sp.) while phylum Firmicutes was 1 genus 

(Bacillus sp.). They constituted different bacterial diversity perhaps responsible for the results 

obtained from the GC/MS analysis that showed the reduction in the selected PAHs ranging 

from 36.52 to 99.98% for 10 months of incubation, as shown in Table 3.6.  
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Figure 4.25.  Heatmap depicting the relative abundance of 44 PAH-degrading bacterial consortia 
genera enriched after 30 days culture in MSM supplemented with crude oil sludge (BC1), pyrene (BC2), 
and anthracene (BC3) as sole carbon sources.  

 

4.17 Determination of residual PAHs in culture media 
 

The residual values of PAHs obtained from the enrichment cultures revealed that bacteria 

isolates present in the co-compost samples used for the enrichment cultures were active and 

capable of utilizing the PAHs present in the culture media, as indicated by the reduction 
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(61.81% to 80%) in concentrations of the PAHs at the end of 21 days of enrichment (Table 

4.8). This result is similar to those reported for the comparison of bioaugmentation and 

composting for remediation of crude oil sludge by (Ouyang et al., 2005), suggesting the 

existence of an active bacterial community in the culture media capable of utilizing crude oil 

sludge hydrocarbons (Katsivela et al., 2005; Shahriari et al., 2014; Xu et al., 2016).  

 

Table 4.8. Reduction in concentrations of selected PAHs in enrichment culture. The values are 
mean of three actual values ± standard error 

 

Selected PAHs § Initial Conc. 
(mg.kg-1) 

Final conc. 
Enrichment culture 
(Residual 
concentration) 
(mg.kg-1) †  
 

Final Conc. 
Subculture  
(Residual 
concentration) 
(mg.kg-1) †  

Naphthalene (2) 98±6.2 19.06±0.1 (80.59) 31.77±2.14 (66.67) 

Acenaphthylene (3) 6.0±0.8 41.16±1.2 (83.20) 51.38±1.92 (75.04) 

Acenaphthene (3) 9.2±1.2 39.14±0.99 (82.62) 48.93±3.96 (74.99) 

Fluorene (3) 27±3.1 1.01±0.09 (83.20) 1.68±0.76 (66.73) 

Anthracene (3) 42±4.6 1.59±0.64 (78.12) 2.65±1.67 (66.63) 

Phenanthrene (3) 15±2.1 4.62±.69 (84.61) 5.78±1.81 (74.99) 

Fluoranthene (4) 2.4±0.6 9.09±0.18 (84.87) 13.48±2.53 (66.67) 

Pyrene (4) 14±1.1 0.29±0.14 (80.73) 0.48±0.16 (66.67) 

Chrysene (4) 55±4.2 0.36±0.13 (83.67) 0.38±0.21 (73.61) 

Benzo [a] anthracene (4) 4.1±1.2 2.71±1.06 (76.47) 3.61±1.4 (66.67) 

Benzo [b] fluoranthene (5) 24±2.7 8.95±1.7 (81.69) 11.19±2.26 (75.01) 

Benzo [k] fluoranthene (5) 2.6±0.3 0.26±0.13 (83.71) 0.55±0.21 (61.81) 

Benzo[a]pyrene (5) 10.0±1.8 4.33±1.28 (85.54) 7.20±1.94 (66.67) 

Perylene (5) 5.1±2.0 0.43±0.14 (72.48) 0.72±0.29 (66.82) 

Indenol [1,2,3-cd] pyrene (6) 10±2.9 1.44±0.46 (88.55) 1.81±0.9 (74.93) 

Dibenzo [a,h] anthracene (5) 12±1.9 1.16±0.23 (76.92) 1.45±0.58 (74.91) 
Benzo [ghi] perylene (6) 9.4±1.1 2.38±0.18 (74.76) 48.93±3.96 (74.99) 
Benzo[e]acephenanthrylene (5) 
 

3.9±0.1 1.16±0.23 (73.83) 1.01±0.14 (73.83) 
 

 

§The number of benzene rings in different PAHs is given in the bracket. 
† Percent degradation of each PAH under different manure composting is provided in the bracket 
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4.17 Conclusion 

  
The results obtained completely elucidates the bacteria community composition present in the 

compost mixture during the treatment period. These analyses were achieved using a culture-

dependent method and an Illumina high-throughput culture-independent sequencing platform, 

which complemented and agreed with the data obtained from each other. At present, these 

experiments have shown a comprehensive and comparative sequence analysis of bacterial 

diversity in each compost mixture amended with different animal manure. During the 

classification of the sequences, the phylogenetically identified bacterial communities revealed 

that two different 16S rRNA universal primers (1. 27F/1492F and 2. 27F and 518R) used as 

aforementioned were for a broad range of prokaryotic members, which could yield accurate 

genetic information (Ma et al., 2015). The sequences classified under the bacterial domain 

yielded the top 17 phyla, 42 class, 83 order, 162 families, and 359 genera in all the sequenced 

samples.  Results showed that OTU richness from all samples ranged from 44 to 179; however, 

it is lower than other average OTUs according to  (Keshri et al., 2015), who sequenced from 

gold and vanadium wastewater (1315 OTUs), also in acid mine wastewater (960 OTUs) by 

(Kamika et al., 2016), activated sludge treatment plant with different wastewater (1063 OTUs)  

(Shchegolkova et al., 2016), biofilm reactor treating an industrial chemical effluent (640 OTUs) 

(Bassin et al., 2017), even sequences from a textile and municipal wastewater respectively (196 

OTUs and 297 OTUs)  (Meerbergen et al., 2017).  

These results have revealed that co-composting of crude oil waste sludge with different animal 

manures can harbour higher microbial diversity. Interestingly, they are adapted endogenous 

bacterial populations (mesophilic and thermophilic bacteria) capable of degrading complex 

crude oil waste sludge in co-composting experiments. The degradation of crude oil sludge 

components by active bacteria consortia was through the production of enzymes, 
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biosurfactants, and utilization of hydrocarbons as a source of carbon and energy to survive. 

Furthermore, the biosurfactant produced by these bacteria enhances the solubility of PAHs 

present in crude oil sludge co-compost media.  

When reviewing the factors that influence the relative abundance of bacteria in different 

composting treatment samples, the most dominant factor was; 1. Availability of PAHs and 

animal manures, where PAHs were used as the sole source of carbon and energy for bacterial 

growth and activities, nutrients from animal manure were used to stimulate bacterial growth 

and activities in all treated samples. 2. The capability of degrading bacteria to utilize the 

nutrients or PAHs and their intermediates/metabolites in their metabolic/growth activities 

(Plaizier et al., 2017).  

The effect and influence of the bacterial community on the reduction of crude oil sludge 

(PAHs) in enrichment culture treatment were analysed and the results obtained in Table 4.8, 

showed that they could be wholly responsible for the reduction and degradation of PAHs 

present in crude oil waste sludge, and these results agree with the study by Shahriari Moghadam 

et al., (2014); Adams et al., (2016); Xu et al., (2016); and Adam et al., (2017), that analysed 

the contribution of bacterial community to the degradation of pyrene in a compost mixture 

which was proven by the formation of CO2 as end-product (Plaizier et al., 2017). 

With the metagenomics analysis, essential detailed information on the dominant microbial 

diversity directly from the co-composted samples was extensively revealed. It was observed 

that phylum Proteobacteria were relatively abundant in all samples and the most dominant, 

while the least observed phylum was the Bacteroidetes. The results further revealed that sample 

PM and SM were unique because they harboured all the top 4 dominant phyla (Proteobacteria, 

Actinobacteria, Firmicutes, Bacteroidetes, and minor phyla (unclassified) in different 

proportions. These results agree with the study's report by Adam et al., (2017) and Meerbergen 
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et al., (2017), with pyrene degradation and textile wastewater, which showed that 

Proteobacteria were the most dominant.  Again, many studies have recorded the presence of 

these phyla Proteobacteria, Firmicutes, and Actinobacteria in different relative abundances 

and treatment stage of a petroleum refinery, industrial wastewater treatment plant, and steel 

industry (Sekar et al., 2014; Tao et al., 2016). The top dominant community was those of 

Proteobacteria affiliated to genera such as Sphingomonas sp., Pseudomonas sp., Burkholderia-

Paraburkholderia sp., Afipia sp., Acidibacter sp., Delftia sp., Bradyrhizobium sp., 

Parvibaculum sp., Achromobacter sp., Sphingobium sp., Rhodanobacter sp., Klebsiella sp., 

Cupriavidus sp., Stenotrophomonas sp., Pseudoxanthomonas sp., and Methylobacterium sp., 

next was Actinobacteria with genera such as Microbacterium sp., Propionibacterium sp., 

Micrococcus sp. and Rhodococcus sp. while Firmicutes was affiliated to genera Bacillus sp., 

Staphylococcus sp., Enterococcus sp., Lachnoclostridium sp., Oscillibacter sp., 

Sedimentibacter sp.  (Zhao et al., 2009). According to reports, Proteobacteria have been the 

most abundant groups within the communities, followed by  Actinobacteria and Firmicutes 

(Lu et al., 2019), as it was detected in this present study.  The observed dominance of γ, β, α 

Proteobacteria in this study is in agreement with many other studies carried out on divers 

hydrocarbon-rich environments such as natural oil deposits, asphalt, crude oil, oil sand, oil-

contaminated water, soil, and sludge (Smith et al., 2015; Sarkar et al., 2016). 

Interestingly, these identified phyla and their successive genera have been isolated from 

petroleum-contaminated environments because of their unique capabilities to degrade 

polycyclic aromatic hydrocarbons (PAHs), which shows that they play vital roles in ex-situ and 

in-situ bioremediation (Ma et al., 2015; Lu et al., 2019).  Moreover, the genera isolated in this 

study using culture-dependent methods have been reported in many studies as PAH-degrader 

indicators, and they were the same genera identified using Illumina sequencing (NGS). For 

comparison, both in the metagenomic analysis (Illumina sequencing) and culture-dependent 
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method, it has been revealed that the resultant selected top phyla and genera OTUs in each 

sample have been found in PAH-contaminated environments.  

To ascertain their role in PAH degradation, different bacteria isolated were characterized for 

their ability to degrade the target PAH in enrichment culture media, supported by the 

degradability-screening test. For the degradability-screening test, 2,6-DCPIP screening was 

performed on the isolates, and 24 of the 44 isolates showed a positive reaction to the redox 

indicator within the first 3 days. They were identified as the best degrader because they could 

change the colour of 2,6-DCPIP in the shortest possible time. The culture media amended with 

2,6-DCPIP  was used to test bacteria isolate's ability in utilizing crude oil sludge (Jain et al., 

2011; Vaidya et al., 2017).  Degrading bacteria sequenced with catechol 2,3-dioxygenase (cbzE 

gene) primers examined their PAH catabolic gene possession.  It helped identify that 34 of 44 

isolates amongst the consortia were positive with PAH-catabolic gene/genotypes. This is 

supported by other studies indicating that these bacteria species identified can degrade 

petroleum wastes and other toxic organic solvents (Jain et al., 2011; Santisi et al., 2015; Vaidya 

et al., 2017). The genus Sphingomonas sp. have been consistently detected in petroleum-

contaminated environments because of their distinctive capabilities to degrade polycyclic 

aromatic hydrocarbons (PAHs), which is very vital in situ bioremediation (Lu et al., 2019), this 

suggests its highest abundance in this present study. Also, Pseudomonas sp., Bacillus sp.,  

Burkholderia-Paraburkholderia sp., Microbacterium sp., Rhodococcus sp., Afipia sp., and 

Methylobacterium sp. species have been reported severally of their capability to degrade PAHs 

and persistent organic pollutants such as pesticides (Zhao et al., 2009; Lu et al., 2019). They 

can also grow and survive a wide range of pH and temperature and tolerate or withstand toxic 

substances (Kumari et al., 2018), which possibly accounts for the FAMEs results obtained.   

From these results obtained in this study, it is concluded that a wide variety of bacteria 

identified are responsible for the degradation of crude oil refinery sludge components (selected 



230 
 

PAHs) in the compost piles because they adapted, grew, and survive in such compost systems. 

Furthermore, with results obtained in 2,6 DCPIP assay, Illumina analysis, the present study 

confirmed that; 1. Adapted bacteria were raised/generated by co-composting of crude oil sludge 

with animal manure such as pig/swine (SM), cow (CM), horse (HM), poultry (PM), even from 

the control sample (CT) without manure amendment. 2. They are indicator bacteria species that 

have demonstrated their potential capability to degrade crude oil sludge (PAHs) as consortia 

or individual isolates. Most importantly, the type or class of bacteria isolated shows that their 

consortia could be highly useful for the degradation or bioremediation of highly recalcitrant 

compounds such as complex crude oil sludge. This result agrees with a study that aimed at 

degrading pyrene using a consortium of highly adapted bacteria isolates obtained from oilfield 

polluted sludge and another study for pyrene degradation by composting fresh organic 

materials that employed and generated adapted bacterial communities to degrade pyrene 

(Zhang et al., 2011; Xu et al., 2013; Adams et al., 2016; Adam et al., 2017). Furthermore, most 

OTUs for the Class; Proteobacteria_unclassified, Bacteria_unclassified, 

Bacteroidetes_unclassified, Firmicutes_unclassified, phyla Bacteria_unclassified and genus; 

Bradyrhizobiaceae_unclassified, Sphingomonadaceae_unclassified, 

Corynebacteriales_unclassified, Enterobacteriaceae_unclassified, Rhizobiales_unclassified, 

Unclassified_bacteria that were identified in most of the samples were not classified from class 

to genus level, and this suggests that they may stand out as novel bacterial species and needs 

more research on them, to investigate their capabilities in bioremediation technology. 
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CHAPTER FIVE 
 

Development of an Active Bacterial Formulation (ABF) for the Degradation of Complex 
Crude Oil Wastes Sludge 

 

5 Introduction 

  
Several research has reported the involvement of diverse aerobic and anaerobic bacteria in the 

biodegradation of crude oil sludge (PAHs) and other organic hydrocarbons contamination in 

the environments (Tan et al., 2015; Fowler et al., 2016; Sarkar et al., 2016).  Some of these 

studies are inconclusive, as each method has its challenges, such as the survival of degrading 

microorganisms because of the adverse effect of contaminants or environmental conditions that 

impede such microorganisms' activities (Hou et al., 2013). On the other hand, deficiency of 

required nutrients during the bioremediation process may hinder microbial activities from 

degrading target contaminants, and these may lead to the production of metabolites as residues, 

and such substantial residual quantity of hydrocarbons left behind would eventually require 

further treatments (Liu et al., 2010; Das & Chandran, 2011; Srinivasarao Naik et al., 2011; 

Simons et al., 2013) Likewise, in a previous study, tailored co-composting bioremediation of 

crude oil sludge with different animal manure under a laboratory condition (Ubani, 2012), it 

was reported that residues of crude oil sludge constituents, mainly the HMW-PAHs, were not 

completely degraded in the compost piles after the co-composting. An active bacteria 

formulation (ABF) was proposed to overcome the challenges and enhance the bioremediation 

of crude oil sludge. Thus, this active bacteria formulation would consist of a carefully selected 

bacteria consortia with specialized capabilities, immobilized, and modified in a formulation to 

degrade both LMW and HMW PAHs present in complex crude oil sludge. The motivation was 

to improve bioremediation processes by addressing the challenges encountered during 

bioremediation, such as low survival of bacteria population introduced due to harsh 
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environmental conditions and lack or insufficient nutrients available to a microbial population 

that could stimulate their growth and activities. Also, to make available a bacteria formulation 

for the degradation of crude oil sludge within a short time effectively shortens the response 

time.  

Considering the formulation's requirements, the selected degrading bacteria were those isolated 

from co-compost piles with adapted specific metabolic capabilities to degrade various 

components of petroleum hydrocarbons of low/high molecular weight PAHs to less harmful 

products and utilize them as their source of carbon and energy (Katsivela et al., 2005). They 

were characterized as described in chapter four and selected are based on their active 

physiology, metabolic heterogeneity, synergy, and functional dynamics (Bayoumi, 2009; 

Vázquez et al., 2013; Lim et al., 2016 ).  Their multi-degradative properties uniqueness has 

made them possess adapted potential to efficiently utilize any substrates or metabolites for 

growth and activity (Patowary et al., 2016). The formulations selected bacteria that belong to 

two classes: (1) those spore-forming and (2) non-spore-forming. The spore-forming group's 

selection was based on their ability to survive harsh environments such as deficient nutrients, 

high temperatures, ionizing radiations, mechanical abrasion, desiccation, and pH extremes 

(Ardakani et al., 2010; Lanzilli et al., 2016). Another particular group of bacteria isolates was 

selected, although they do not form spores that protect and preserve their shelf life.  

Nonetheless, they produce mycolic acids and trehalolipids that helps shield their membrane 

hydrophobicity from harsh environmental conditions. They can also solubilize and digest 

hydrophobic substrate making them bioavailable for their growth and activities (Owsianiak et 

al., 2009; Esin et al., 2013; Masy et al., 2016; Bertel-Sevilla et al., 2020).  As such, these 

bacteria isolates selected (both spore-formers and non-spore formers) strive to grow and 

survive by overcoming environmental stresses, such as low temperature, low water content, 

high pH, high salinity, nutrient deficiency, presence of toxic solvents or pollutants. These 
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features have made them unique for the bacteria formulation and bioaugmentation; besides, 

they possess potential advantages to degrade a broad range of aliphatic, branched, cyclic, 

polycyclic aromatic hydrocarbons (Masy et al., 2016). These selected groups of bacteria 

isolates possess strong diverse enzymatic and metabolic degradation capabilities that can 

concomitantly biotransform multiple hydrocarbons of LMW and HMW under any 

environmental condition (Brzeszcz & Kaszycki, 2018). These isolates have been characterized, 

and during their characterization, most of them were shown to be efficient biosurfactant 

producers on petroleum hydrocarbon medium; they also produce extracellular enzymes such 

as polysaccharides-degrading enzymes, lipase, cellulase, amylase, and protease, which can 

catalyze a wide variety of synthetic reactions and utilize aromatic substrates (PAH-degradation: 

Chapter Four in Figure 4.12-4.16 and Table 4.2 – 4.4) (Alrumman et al., 2015; Blyth et al., 

2015; Shoeb et al., 2015; Singh et al., 2015; Patowary et al., 2016; Parthipan et al., 2017;  

Jardine et al., 2018). The advantage that these selected isolates have, is their ability to produce 

enzymes and biosurfactants and also retain high activity at extremes of pH, temperature, and 

salinity, to emulsify and disperse hydrocarbons, thereby increasing the bioavailability of 

substrate as well as increasing hydrophobicity of cell surface, which subsequently increase the 

substrate interaction and biodegradation capacity by bacteria cells (Blyth et al., 2015; Bezza, 

2016; Ivshina et al., 2016; Kästner & Miltner, 2016; Lim et al., 2016; Patowary et al., 2016). 

As a consortium, these bacteria are more effective in the biodegradation of pollutants than 

single and pure cultures, possibly because of their combined cooperative metabolic capabilities, 

which is a significant advantage of the consortium (Patel et al., 2018). It has been reported that 

such an adapted consortium of endogenous bacterial communities could degrade pollutants six 

to ten times more than their single pure counterparts because of their heterogeneity (Jacques et 

al., 2005; Vázquez et al., 2013). Bacteria consortia are useful in enhancing the degradation of 

pollutants since the intermediates produced by some bacteria during pollutant metabolism 
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could serve as a substrate to others for growth and activity in the same system (Kuppusamy et 

al., 2016). Furthermore, a carefully selected consortium may use different modes in the 

metabolism and uptake of hydrocarbon simultaneously, such as uptake of soluble 

hydrocarbons, uptake of emulsified forms, or direct interfacial uptake facilitated by the 

development of hydrophobic cell surfaces (Varjani & Upasani, 2017). 

In preparation of the active bacterial formulation, a natural carrier with the potential to increase 

stability and interaction between the bacterial populations present was selected. The most 

suitable carrier material for this study was corncobs powder. The use of corncob powder in 

similar formulations has previously been successful (Wei et al., 2015; Dzionek et al., 2016). 

There is no significant information on the negative effect of corncob powder on the 

microorganism's viability. Corncobs have a significant advantage over other carrier materials, 

including synthetic carriers such as vermiculite, talc-based powder, peat-based power, 

bentonite-based powder, alginate, κ-carrageenan, chitosan, sawdust, straw, charcoal, plant 

fibres, bagasse, rice, husks of sunflower seeds, diatomite, mycelium and many more 

(Vidhyasekaran & Muthamilan, 1999; Jayaraj et al., 2005; Ardakani et al., 2010; Dzionek et 

al., 2016). This is because it is highly perforated, which provides enough attachment space for 

the adsorption or electrostatic binding on the surface for bacteria immobilization. It maintains 

a high-water holding capacity, can improve soil structure, preserve, and enhance bacteria 

growth without barriers to oxygen diffusion. It has been used in bioaugmentation, where it was 

reported to be a suitable carrier that can also act as a bulking agent in the soil for aeration during 

bioremediation (Deng et al., 2016; Dzionek et al., 2016). Corncobs are considered excellent 

carrier material for this study because they are biodegradable, compatible, and support bacteria 

immobilization (Dzionek et al., 2016). Corncob is an abundant raw material commercially 

available as agricultural and food waste. They have been used severally as an immobilizer-

carrier matrix (Wei et al., 2015; Deng et al., 2016; Dzionek et al., 2016). It contains glucide 
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and cellulose, a source of carbon and nutrients for bacteria to produce extracellular substrates 

such as enzymes and polysaccharides, thus, serves as a suitable cell immobilizer matrix (Xu et 

al., 2009; Lee et al., 2010; Jain et al., 2013). Therefore, corncob powder choices were 

dependent on the bioremediation technique proposed. In this study, corncob powder may serve 

as carrier material and then as a nutrient supplier for crude oil sludge degrading bacteria if 

nutrients are low or deficient (Simons et al., 2013). 

In this study, bacterial cell immobilization on corncob powder was the most preferred method 

for developing the active bacteria formulation. Using a carrier immobilization technique was 

employed since a suitable formulation allows manipulating bacteria towards better 

performance. Immobilization limits bacteria cell mobility while enhancing their viability and 

metabolic functions (Liu et al., 2015).   

The immobilization of degrading bacteria cells on corncob powder stands as an active bacteria 

formulation, a better strategy, ready-to-apply for bioremediation of crude oil sludge. The 

formulation serves as an improved survival material for cell viability and as a sufficiently long 

shelf life for packed and sealed immobilized bacteria cells during storage at room temperature 

(Jayaraj et al., 2005; Hou et al., 2013; Simons et al., 2013; Wei et al., 2015; Dzionek et al., 

2016). The viability and shelf life were evaluated before and during storage at room 

temperature for packed and sealed samples. This helped to observe the changes in the number 

of colony-forming units (CFUs) and determine the shelf life in months and viability during 

storage at room temperature.  

In this study, the development of active bacteria formulation focused on the efficacy and 

efficiency of biodegradation of complex crude oil waste sludge.  The study specifically focused 

on: (1) the production of the active bacteria formulation, (2) effectively shortening the response 
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time of bacteria to engage in biodegradation of crude oil sludge in a contaminated environment, 

and (3) applicability of the formulation in any weather condition and environmental type.  

5.1 Materials and Methods 
 

5.2 Selection of Hydrocarbon Degrading Bacteria for the Development of an Active 
Bacteria Formulation 

  
The degrading bacteria that comprised the consortium used to develop the active bacteria 

formulation were those generated and isolated from the co-compost piles. Their selection was 

based on the characterization experiments conducted on the isolates individually or as a 

consortium. They were characterized (in Chapter Four) to determine their specific adapted 

metabolic capabilities, synergy, and functions as well as their unique multi-degradative 

capabilities to efficiently utilize complex crude oil sludge (PAHs) as substrates or metabolites. 

All the screening experiments that informed their selection were detailed in chapter four. 

5.2 Preparation and Characterization of Corncob Powder as a Carrier Material 
 

Corncobs were collected after the grain harvesting season from a corn/maize farm in Tembisa, 

situated in the north of Kempton Park on the East Rand, Gauteng Province, South Africa, (S 

26°1'0", E 28°14'0"). The corncobs were cleaned, air-dried, and ground into the desired powder 

form using a milling machine, and the corncob powder was not sieved because it was intended 

to also serve as a bulking agent. The corncob powder was analysed to determine the presence 

of metals and other nutrient elements. It was quantified using PerkinElmer Optima 5300 DV 

inductively coupled plasma optical emission spectroscopy, ICP-OES (PerkinElmer Inc., 

Massachusetts, USA) after a concentrated acid digestion method (CADM) with aqua-regia 

solution (1:3 HNO3–HCl, v/v) as described in section 3.2.2. The multi-element cat no: 43843 

standard stock solution, which contains 23 mix elements purchased from Merck, South Africa, 
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was used to prepare the calibration standards. The concentration of the stock standard was 100 

mg/L. Ten (10) calibration standard of 0.2, 0.4, 0.6, 0.8, 1, 2, 3, 4, 5, 8 ppm were prepared 

(ppm = parts per million and mg/l = milligram per litre).  The working standard solution was 

prepared from the surrogate standard using Nitric acid. The filtrate from corncob powder, 

obtained after the concentrated acid digestion method (CADM) with aqua-regia solution (1:3 

HNO3–HCl, v/v) was measured for the presence of metals and other nutrient elements using 

the ICP-OES. The results were recorded.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

The corncob powder was also characterized for its Dry Matter content (DMC) and moisture 

content as described in Section 3.2.4, pH value was measured using the pH meter (Crimson 

Micro pH 2000TM) as described in Section 3.2.3, ash content was measured as described in 

section 3.3.3, and water holding capacity (WHC%) as described in section 3.2.5. The total 

carbon content (TC%), and total nitrogen content (TN%), as well as crude protein (CP%), were 

determined by LECO TruMac (LECO Corporation TruMac CNS Macro Analyzer): using 

glycine Lot No: 1000 (CRM) as a quality control sample, as described in section 3.2.6 and 

Figure 3.0. Then, 20g/kg of carboxymethylcellulose was added to the corncob powder, then 

thoroughly mixed and autoclaved twice at 121oC for 15 min before the immobilization of the 

selected bacteria consortium. 
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Figure 5.1 The corncob preparation. (A) Corncobs. (B) Ground corncobs (C) Corncob mixed 
with 20g/kg of carboxymethylcellulose. 
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5.3 Development of an Active Bacteria Formulation with Selected Bacteria Consortia 
 

The selected bacteria isolate of 1 ml each were mixed in a 50 ml Eppendorf tube, vortexed for 

5 mins to mix thoroughly, then 10 ml of the bacteria consortium were first inoculated into 100 

ml LB broth media, incubated for 24 hr at 28OC in a shaker at 150 rpm.  

Then, a nutrient medium was prepared to grow the consortium, which consisted of Yeast 

extract 2.5 g, Peptone 5 g, Sodium Chloride 5 g, dissolved in 500 ml of MSM as described in 

section 4.1.3, and the mixture was amended with 10 ml glycerol and 1% crude oil sludge. The 

media was sterilized by autoclaving at 121OC for 15 min and cooled at room temperature. After 

sterilization, 50 ml of the freshly (24hr) prepared bacterial consortium was grown in 500 ml 

nutrient media, a control which was only the media without bacterial consortium was set-up, 

and all cultures media were incubated for 48 hr at 28OC in a shaker at 150 rpm (Figure 5.2).  

After 48 hr of incubation, the colony-forming unit (CFUs) of the bacteria consortium were 

evaluated by counting using the standard dilution plating, 1ml from the culture media was 

taken, serially diluted to 10-8 to reduce the bacterial load, using sterile test tubes and autoclaved 

distilled water. Then, 100ul of each of the serial dilutions was plated out on the LB agar plates, 

and the plates were sealed in plastic bags and incubated for 72 hr at 30 ± 2OC and checked daily 

for bacteria growth to avoid overcrowding. Distinct colonies that appeared were counted to 

assess the number of viable cells immobilized on the corncob powder. Then, 500 ml of the 

bacteria culture was immobilized under aseptic conditions at room temperature by thorough 

mixing with 1 kg of the corncob powder previously prepared as the carrier-material. The active 

bacteria formulation was prepared in 3 different sets to check which formulation would support 

the bacteria viability and shelf life long enough. A set was shade-dried to reduce the moisture 

content to between 20 to 30% designated wet-set formulation = ABF-1, another set was air-

dried overnight on laminar flow designated air-dried -set formulation = ABF-2, and the last set 

was freeze-dried at -42OC for 72 hr designated freeze-dried -set formulation = ABF-3. The 
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different drying methods used were to overcome the challenges faced by bacteria formulation, 

such as viability and survival time during storage. The proposed solution was to air-dry and 

lyophilized preparations because lowered water content supports long-term survival during 

storage. The formulation process dehydration phase is the most critical, especially for non-

spore-forming bacteria. One of the significant challenges is to develop an improved 

formulation that provides high shelf-life, viable cells, protection against harsh soil and 

environmental condition, and convenient to use (Hou et al., 2013; Wei et al., 2015; M & B.D, 

2017). The 3 different sets of formulations were then homogenized and differently packed in 

Ziplock storage bags, sealed, and stored at room temperature (Figure 5.3). 

 

 

 

Figure 5.2 The bacterial consortium grown in 500 ml nutrient media, and the control media 
without bacterial consortium incubated for 48 hr at 28OC in a shaker at 150 rpm before 
immobilization. 
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Figure 5.3 The immobilized active bacteria formulations, developed, packed in a Ziplock 
storage bag, sealed, and stored at room temperature. 
 
 
 
 
 
 

5.4 Determination of Viability and Shelf Life of the Active Bacteria in the Formulation 
 

The viability and shelf life of the bacteria in the formulation stored at room temperature were 

evaluated monthly for 10 months.  Samples were taken from each of them (wet/moist 20 to 

30% = ABF-1, air-dried = ABF-2, and freeze-dry = ABF-3, bacteria immobilized formulation) 

every 30 days to evaluate bacterial population, their viability, and shelf life by counting the 

colony-forming unit (CFUs) on LB agar media using a standard dilution plate method. The 

stored formulations were homogenized each time, and 20g of each sample was suspended in 

50ml LB broth, allowed to stand on the bench for 12 hr; after 12 hr, the suspension was 

thoroughly mixed by vortex for 5min. Then, 1ml was taken, serially diluted to 10-8 to reduce 
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the bacterial load, using sterile test tubes and autoclaved distilled water. Then, 100ul of each 

of the serial dilutions were plated out on the LB agar plates, and the plates were sealed in plastic 

bags and incubated for 72 hr at 30 ± 2OC and checked daily for bacteria growth to avoid 

overcrowding. Distinct colonies that appeared were counted to assess the number of viable 

cells immobilized on the corncob-carrier material.  

5.5 Scanning Electron Microscopy 

  
The raw corncob powder microstructure and the immobilized bacterial cell on corncob powder 

were characterized using Scanning electron micrograph (SEM). The coupled energy dispersive 

X-ray (EDX) spectroscopy analyser was also used to detect the presence of elements and their 

distribution in the corncob powder.  The dried samples were mounted on SEM metal stubs 

(aluminium holder) with double-sided sticky tape. They were coated with electrically 

conductive material made of alloyed of 10nm gold and palladium using a high-resolution 

sputter coater (gold for high secondary electron output and palladium to provide contiguous 

surface). Samples were examined using a JOEL (JSM-IT 300) scanning electron microscope 

at a fast-tracking voltage of 5.0kV tracked by the SEM, and results were recorded.  

 

5.6 Results and Discussion 
 

5.7 Selecting Hydrocarbon Degrading Bacteria for the Development of an Active Bacteria 
Formulation 

 

The selection of the bacteria isolates that consisted of the bacteria consortium used for the 

formulations was based on individual isolate's ability to utilize and grow on crude oil sludge as 

the sole carbon source (Patowary et al., 2016). Most of them revealed the presence of catechol 

2,3-dioxygenase (cbzE gene). The rating was also based on the loss of 2-DCPIP indicator blue 
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colour due to the transfer of electrons from PAHs degradation by bacteria. They were rated by: 

-, no change; +, minimal; ++, moderate; and +++, complete colour change to colourless. 

Biosurfactant producers; +++, where isolates showed positive results to a screening test for oil 

displacement, drop collapse, and emulsification. Enzyme producers; +++, were isolates also 

showed positive results to an enzyme screening test for at least 3 enzymes either amylase = A, 

cellulase = C, lipase = L, and protease = P, (A, C, L, P), + isolate that were positive for at least 

1 enzyme only. A comprehensive detail is shown in Table 5.1. 

Furthermore, all isolates selected showed positive results to the screening tests except the 12 

isolates discussed below, as revealed in Table 5.1. This study considered the 12 isolates that 

showed negative results to 2,6-DCPIP redox indicator, biosurfactant, and enzyme screening 

tests, as well as some that do not harbour the catechol 2,3-dioxygenase (cbzE) gene, yet they 

were deliberately selected. They include Brevibacterium sp.strain CT1, which does harbour 

the catechol 2,3-dioxygenase (cbzE) gene, also showed negative result or no colour change 

with 2,6-DCPIP redox indicator, Ochrobacterium sp. strain Pi132 that do not harbour catechol 

2,3-dioxygenase (cbzE) gene, Bacillus zhangzhouensis sp. strain CO3i lacked the catechol 2,3-

dioxygenase (cbzE) gene, also revealed to be negative to the biosurfactant screening test, but 

was positive to at least 1 enzyme screening test cellulase, Geobacillus sp. CT5 lacked the 

catechol 2,3-dioxygenase (cbzE) gene, while Bacillus megaterium strain PO321, Actinobacter 

bacterium strain PO101, and Bacillus velezensis strain PO 125ET  this 3 isolate does not 

harbour the catechol 2,3-dioxygenase (cbzE) gene, also they were negative to biosurfactant 

screening test but showed positive to 4 enzyme screening test amylase, cellulase, lipase, and 

protease. Arthrobacter sp. strain PO1i showed negative to biosurfactant screening test but 

positive to 3 enzyme screening test amylase, lipase, and protease, then, Microbacterium 

hominis strain CO111 and Lysinibacillus sp. strain PO124 showed negative to biosurfactant 
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screening test but were positive to 4 enzyme screening tests for amylase, cellulase, lipase, and 

protease. 

Meanwhile, Dietzia sp. strain PO41 and Burkholderia paludis strain Pi132 were negative to 

biosurfactant screening test but showed positive to at least 1 enzyme screening cellulase. These 

bacteria isolates were deliberately included as part of the consortium because they were those 

generated, adapted, and isolated from the co-compost piles. According to Kuppusamy et al., 

(2016), bacteria consortium can enhance the degradation of pollutants since the intermediates, 

or metabolites produced by some bacteria during pollutant metabolism could serve as a 

substrate to others for their growth and activity in the same system. Besides, Patel et al., (2018), 

reported that adapted endogenous bacteria consortium is more effective in biodegradation of 

pollutant than single and pure isolates because of their combined active and cooperative 

metabolic heterogeneity capabilities, which is a significant synergistic advantage in the use of 

bacteria consortium (Jacques et al., 2005; Vázquez et al., 2013).  Furthermore, this carefully 

selected consortium may simultaneously use different modes in the metabolism and crude oil 

sludge uptakes, such as uptake of soluble hydrocarbons, uptake of emulsified forms, or direct 

interfacial uptake enabled by the development of hydrophobic cell surfaces (Varjani & 

Upasani, 2017). These bacteria consortium uptake and survival capabilities were tested during 

their antagonistic activity conducted to examine the extent of successive suppression of each 

other. The effect was captured with a scanning electron microscope (SEM), as shown in Figure 

4.18, and it revealed bacterial isolate's protective and survival capability when combined as a 

consortium in the medium.  The result also showed a synergic relationship between the isolates, 

which led to a high production of Methyl stearate and Hexadecanoic acid methyl ester 

attributed to the capabilities of these bacteria to increase or lower cell membrane fluidity, 

permeability, and their potential to solubilize hydrocarbons into bioavailable substrates, which 
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may elevate biodegradation of crude oil sludge. Thus, the results show that their activities were 

not impeded but suggested that their performance and activities were enhanced. 

These selected degrading bacteria are those isolated from the co-compost piles, which showed 

adapted specific metabolic capabilities to grow and convert various components of petroleum 

hydrocarbons of low/high molecular weight PAHs to less harmful products by utilizing them 

as their source of carbon and energy (Karigar & Rao, 2011; Alrumman et al., 2015; Blyth et 

al., 2015; Santisi et al., 2015; Shoeb et al., 2015; Singh et al., 2015, Parthipan et al., 2017; 

Jardine et al., 2018; Sagar et al., 2018). Interestingly, the selection was strongly informed by 

the fact that they have been previously isolated from petroleum-contaminated environments 

where they exhibited their unique capabilities to degrade polycyclic aromatic hydrocarbons 

(PAHs), which shows that they play vital roles in ex-situ and in-situ bioremediation (Ma et al., 

2015; Patowary et al., 2016; Cai et al., 2019; Lu et al., 2019).   

The genus Sphingomonas sp. have been consistently detected in petroleum-contaminated 

environments because of their distinctive capabilities to degrade polycyclic aromatic 

hydrocarbons (PAHs), which is very vital in situ bioremediation hence its inclusion in the 

present study. Pseudomonas sp., Bacillus sp.,  Burkholderia-Paraburkholderia sp., 

Microbacterium sp., Rhodococcus sp., Afipia sp., and Methylobacterium sp. species have been 

reported severally to have the capability to degrade PAHs and other persistent organic 

pollutants (Zhao et al., 2009; Lu et al., 2019) and have been included as part of the formulation.  

They can also grow and survive in a wide range of pH and temperature and tolerate toxic 

substances (Kumari et al., 2018).  Most importantly, the isolated bacteria showed that a mixed 

population could be highly effective for the bioremediation of highly recalcitrant compounds 

such as complex crude oil sludge. This study aimed to degrade crude oil sludge using a 

consortium of highly adapted bacteria isolates in a bacteria formulation. Similar studies used 

such degrading bacteria obtained from oilfield polluted with sludge and another study for 
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pyrene degradation by composting fresh organic materials that employed and generated 

adapted bacterial communities to degrade pyrene (Zhang et al., 2011; Xu et al., 2013; Huda 

Alhassani, 2014; Adams et al., 2016; Adam et al., 2017).  

 

 

Table 5.1 The individual PAH-degrading bacterial isolates can utilize and grow on crude oil 
sludge as the sole carbon source. Biosurfactant, Enzymes, 2,6-DCPIP redox indicator, and PCR 
screening results for the presence of catechol 2,3-dioxygenase (cbzE gene) in PAH-degrading 
isolates is also provided.  

Isolates 2-6-DCPIP-
test§ 

(3-7days) 
 

CFU/ml 
(x 104) 

cbzE 
(C23O) 
gene 

Biosurfactant Enzymes 
(A, C, L, P) 

Paenibacillus spp. Strain CO15 +++ 2.61 + +++ +++ 
Cellulosimicrobium funkei strain H4A + 3.10 + +++ +++ 
Dietzia sp. Strain PO41 ++ 2.36 + - + 
Arthrobacter sp. Strain PO1i ++ 1.49 + - +++ 
Microbacterium hominis strain CO111 ++ 1.64 + - +++ 
Bacillus subtilis strain CO41 ++ 2.14 + +++ +++ 
Micrococcus aloeverae strain MC10 + 2.41 + +++ +++ 
Rhodococcus equi strain CO20 +++ 1.08 + +++ +++ 
Streptomyces sp. Strain PO62 + 1.15 + +++ +++ 
Pseudomonas stutzeri strain H131 +++ 1.89 + +++ +++ 
Lysinibacillus sp. Strain PO124 +++ 1.19 + - +++ 
Lysinibacillus xylanilyticus strain PO49A +++ 2.06 + +++ +++ 

Bacillus atrophaeus strain Pi1 +++ 2.04 + +++ +++ 
Brevibacterium sp. strain CT1 - 0.09 - - + 
Burkholderia lata strain CT22 +++ 1.72 + +++ +++ 
Burkholderia paludis strain Pi132 +++ 2.00 + - +++ 
Clostridium sordelli strain H3 + 3.12 + +++ +++ 
Pseudarthrobacter oxydans strain PO341 ++ 2.80 + +++ +++ 

Sporosarcina sp. strain PO35 + 1.40 + +++ +++ 
Burkholderia paludis strain H93 +++ 1.00 + +++ +++ 
Sanguibacter sp. strain PO47 ++ 1.10 + +++ +++ 
Sanguibacter soli strain CT121 ++ 1.00 + +++ +++ 
Bacillus thuringiensis strain OS21 +++ 2.00 + +++ +++ 
Gordonia sp. strain CT122 + 2.00 + +++ +++ 
Staphylococcus succinus subsp. succinus 
strain PO45 

++ 1.90 + +++ +++ 

Enterococcus mundtii strain CT10 + 2.00 + +++ +++ 
Burkholderia cenocepacia strain CT23 ++ 1.79 + +++ +++ 
Ochrobacterium sp. strain Pi132 ++ 0.13 - - +++ 
Bacillus pumilus strain CO102 +++ 2.00 + +++ +++ 
Sphingomonas sp. strain H151 +++ 1.89 + +++ +++ 
Bhargavaea sp. strain PO129 +++ 2.00 + +++ +++ 
Rhodococcus corynebacterioides strain 
PO141 

++ 1.50 + +++ +++ 
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Rhodococcus hoagii strain H121 +++ 2.89 + +++ +++ 
Escherichia coli strain W3110† - ND - - - 
Bacillus zhangzhouensis sp. strain CO3i + 0.10 - - + 
Geobacillus sp. CT5 + 1.00 - +++ +++ 
Bacillus megaterium strain PO321 + 1.70 - - +++ 
Actinobacter bacterium strain PO101 + 2.10 - - +++ 
Bacillus velezensis strain PO 125 ET + 1.60 - - +++ 
† E coli lacking the ability to utilize PAHs in crude oil sludge was used as a negative control. 
 § Rating based on the loss of 2-DCPIP indicator blue colour due transfer of electrons from the degradation of PAHs by 

bacteria: -, no change; +, minimal; ++, moderate; and +++, complete colour change to colourless. 
 ‡ Plate counts (CFU/ml) after culturing in MSM-crude oil sludge for 30 days. 
βBiosurfactant producers +++ isolates positive for oil displacement, drop collapse, and emulsification. 
€Enzyme producers +++ isolates positive for at least 3 enzymes either amylase = A, cellulase = C, lipase = L, and  
protease = P, (A, C, L, P), + isolate positive for 1 enzyme only. 
 
 
 
 

5.9 Characterization of Corncob powder as a Carrier Material  

	
Different methods were used to characterize the corncob used as a carrier material in this study; 

the first was the corncob characterization using LECO TruMac (LECO Corporation TruMac 

CNS Macro Analyzer). The results obtained showed that the mean (%) of the Total Carbon 

content (TC%) present in the corncob sample was C = 38.996±0.25%, Total Nitrogen content 

(TN%) was N = 0.329±0.04%,  and the Crude-protein content (CP%) of the corncob powder 

was CP = 2.058±0.04% (crude protein factor as 6,25). All values were mean of 3 readings ± 

standard error for the corncob sample. The results of the second characterization are shown in 

Table 5.2 below.  The results were obtained after concentrated acid digestion (CADM) with 

aqua-regia solution (1/3 HNO3–HCl, v/v), quantified using PerkinElmer Optima 5300 DV 

inductively coupled plasma optical emission spectroscopy, ICP-OES (PerkinElmer Inc., 

Massachusetts, USA). According to the results in Table 5.2, some elements such as Fe (Iron), 

Na (Sodium), as well as K (Potassium) were substantially high in quantities (Conc. mg.kg-1). 

The water holding capacity (WHC%) of the corncob powder was 40.80±0.60%, while the pH 

value, ash, dry matter, and moisture contents were 5.6±0.10, 18±0.06%, 23±0.02%, and 

6.01±0.02 %, respectively. The results showed that the corncob powder had abundant nutrients, 
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minerals, trace elements, organic matter, and a substantial amount of carbon, and nitrogen, 

which are essential to stimulate and maintain microbial activities. Heavy metal elements were 

detected, which may negatively impact bacterial metabolism when in exceeded quantities. 

However, from this analyses detected heavy metal elements (Table 5.2), were in low quantities 

(Conc. mg.kg-1), and may impact on denitrification rate as metal ion if bacteria isolates utilize 

them as the active centre for the process (Xu et al., 2009). 

 

Table 5.2 Characteristics of the corncob powder used for the experiment. The concentration of 
the metals/elements presents using ICP-OES. The values are mean of three ± standard error. 

Metal Elements present  Conc. mg.kg 1 
Ba 1.63±1.40 
Cr 0.34±0.11 
Cu 0.11±0.13 
Mn 0.97±0.82 
Ni 0.09±0.03 
Pb 0.05±0.04 
Pt 0.13±0.00 
Ru 0.13±0.19 
Ti 0.01±0.01 
Zn 0.88±0.50 
Fe 17.99±18.58 
K 47.67±10.76 
Na 40.01±56.23 

 

 
Corncob's main compositions are glucide and biopolymers such as cellulose, lignin, and 

hemicellulose, the source of nutrients for microorganisms. Bacteria isolates require these 

nutrients for their growth stimulation or survival during storage at room temperature (Xu et al., 

2009; Lee et al., 2010; Jain et al., 2013; Kelle & Ogoko, 2017 ). Thus, the biopolymers could 

cause the cell surface properties of bacteria to be drawn to attach on the surface of corncob 

powder material on their required nutrients during storage, which can enhance their shelf life. 

However, bacteria isolates may detach from the corncob-surface as soon as they contact crude 

oil sludge because of either depletion of nutrients on corncob powder or to utilize target-
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hydrocarbons from crude oil sludge as a source of carbon. Corncob can also adsorb crude oil 

sludge, which enhances a quick contact between bacteria isolates and crude oil sludge. Corncob 

powder, being biodegradable, non-toxic to the environment, could be effective in bacteria cell 

immobilization for bioremediation treatment because of its physical and chemical substrate 

source for bacteria isolates (Xu et al., 2009). 

 

5.10 Development of an Active Bacteria Formulation with Selected Bacteria Consortium 
 

The selection of a bacteria consortium was an attempt to effectively combine the best crude oil 

sludge degrading bacteria that has the effective capabilities to produce the most suitable 

biosurfactant as the best emulsifiers for the degradation of crude oil sludge. These bacterial 

cells immobilized on corncob powder is an act of producing or developing a ready-to-apply 

bioformulation for the degradation of complex crude oil waste sludge contamination in the 

environment. 

Bacteria isolates were grown in nutrient media for 48 hr to generate fresh cells and activate 

their metabolic abilities. Then, after 48 hr of incubation, the colonies were counted using the 

standard dilution plating and the bacterial cells immobilized were 26.1 x 107 CFU/ml. The 

culture was then immobilized on corncobs aseptically by thoroughly mixing to produce the 

formulation described in section 5.4. The active bacteria formulation was prepared in 3 separate 

sets, with different drying techniques to determine the set that would support the bacteria 

viability and shelf life long enough. A set was shade-dried to reduce the moisture content 

between 20 to 30%, another set was air-dried overnight on laminar flow, and the last set was 

freeze-dried at -42OC for 72 hr. After the drying process, the formulations were separately 

packed, sealed in Ziplock storage bags (Figure 5. 3), and stored at room temperature under 

laboratory conditions.   
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5.11 Determination of Viability and Shelf Life of the Active Bacteria in the Formulation 

	
The results suggest that micro/macronutrients in corncob powder provided a suitable and stable 

microenvironment as a carrier to sustain bacteria shelf life and viability during storage. The 

initial plate count (CFU/ml) for the consortium before formulation was 26.1 x 107, then, the 

results shown in Table 5.3 revealed an increase in the CFU/ml of bacteria cells at day 30, an 

increase could be because isolates utilized the growth nutrients in the corncob. Decreased in 

population was observed with time and an interval of 30 days during storage, and at the end of 

300 days, the count (CFU/ml) for Wet-set/ABF-1 was = 1.2x107, Air-dry set/ABF-2 = 1.5x107, 

and Freeze-dry set/ABF-3 = 1.8x107, indicating that the shelf life of the formulation at room 

temperature could be 120 days (4 months) with the estimated CFU/ml counts of  9.2x107 for 

ABF-1, ABF-2 = 14.3x107 and ABF-3 = 12.5x107. Table 5.3 shows that the product was viable 

up to the 10th month of storage at room temperature but at a reduced number of cells. Besides 

the decrease in the cell population during storage, it would be suggested to use the formulation 

when it is freshly prepared or not longer than 2-3 months in storage because, as observed, the 

viability of bacterial cells in the formulations were high within 30-90 days of storage. Cells 

were anticipated to be metabolically viable. The decrease could be the effect of the long storage 

period. Therefore, prolonged storage would be discouraged for a better result and minimize 

contamination and overcome related challenges that would affect cells' shelf life and viability. 

The formulation's shelf life and viability were evaluated until 300 days details are shown in 

Table 5.3. From the results, corncob powder supported immobilized bacterial cells as indicated 

by their viability test in Table 5.3. The result could be due to the corncob's high perforation 

structure, which provided a large surface area for bacterial attachment. Corncob contains high 

quality and quantity of nutrients and mineral elements necessary for bacterial cell growth, 

sustenance, and survival. 
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Table 5.3 shows the results obtained from drying the prepared bacteria formulations, which 

indicates that neither the Wet/moist (reduced moisture 20-30%), Air-drying, and Freeze-drying 

methods affected the formulation in terms of cell viability and shelf life because initial CFU/ml 

of the bacteria cells before formulation was 26.1 x 107. An increase and a decrease in CFU/ml 

of the bacteria cells were recorded in all formulation sets simultaneously during storage at room 

temperature. Thus, the results suggest that the different drying methods used for the 

formulation, such as Air-dry, Wet (reduced moisture 20-30%), and Freeze-dry, could help 

overcome the challenges such as viability and survival time faced during storage. In the 

preparation of the formulation using the Air-dry and Freeze-dry method, the formulations were 

completely dried except the Wet-set, which had its moisture reduced to 20-30%; hence it was 

called Wet-set formulation (ABF-1), and they were all stored at room temperature. The 

anticipated advantage of the Air-dry and Freeze-dry method during the preparation of the 

formulation was to minimize chances of contamination, compress it into a smaller package of 

sealable size, maintain long shelf life and active viability of bacteria cells, as well as easy to 

mix with the soil or crude oil sludge for biodegradation processes. These were achieved; 

however, the Wet set/ABF-1 was contaminated as visible Fungal growths were observed after 

6 months (180 days) of storage at room temperature. The blue-green fungus was visible on the 

Wet set/ABF-1, which was reported to be favoured by high moisture levels as a storage problem 

(Hall, 2009). Thus, visible fungi growth may attack bacterial cells and antagonistically impede 

their viability and long shelf life. Fungi growth may eventually suppress their metabolic 

activities via the production of primary or secondary toxic metabolite capable of degrading or 

denaturing bacterial catabolic enzymes or by invasion to compete with bacteria to utilize 

nutrients for their growth and activities (Elegbede & Lateef, 2018; Ijoma et al., 2019). This is 

because fungal invasion causes competition and antagonism that promote or induce enzymes 

or toxic secondary metabolites that may impede bacterial growth, viability, shelf life, and 
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metabolic activities. Remarkably, some of the elements present in corncob powder such as C, 

Ca, Cu, Mn, Fe, and Zn can induce fungal growth on corncob powder (Ijoma et al., 2019), and 

they were present in substantial quantity to induce fungal growth, this could probably be the 

reason for fungal growth on the Wet set/ABF-1. The sample invaded by fungi (Wet set/ABF-

1) was saved/stored for future and further studies because the primary focus in this study was 

to ascertain the best stable and suitable methods for formulation preparation and storage stable 

for active bacteria cells viability and long shelf life.  

The Air-dry and Freeze-dry techniques do not suggest that the sample sets ABF-2 and ABF-3 

were completely free of contamination even-though they were all prepared under aseptic 

conditions. However, the moisture content in Wet set/ABF-1 stimulated fungi growth and its 

mycotoxins (Burge, 2006) because high moisture levels favour fungi growth, which is the 

challenge faced during storage (Hall, 2009). Though the formulations suggested being stable 

at room temperature but drying techniques during preparation would suggest using Air-dry or 

Freeze-dry techniques to minimize or avoid fungi invading the formulation. Therefore, the Air-

dry and Freeze-dry method of formulation preparation is a safer option in maintaining more 

extended storage, minimal contamination, and size compression for packaging. 

The viability of bacteria cells in the formulation is the ability of cells to be stable and survive 

during storage (Prathap & Kumari, 2017). This implies that suitable formulation should have 

an adequate number of viable cells at the time of application, with a shelf life that retains the 

efficacy and efficiency of cells qualitative activities when compared with a freshly harvested 

cell. Thus, CFU is usually used to evaluate the efficacy of a suitable carrier material that 

supports immobilized bacterial cells' survival and their ability to retain their growth and 

metabolic qualities during and after a prolonged storage time. This is because after a prolonged 

storage time, many may not be viable, or they may be viable and may not be able to replicate, 

possibly due to loss of their metabolic capabilities. 
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During the formulation preparation, some considerations were made to support bacterial cell 

survival, viability, and shelf life. These considerations were the choice of a suitable carrier 

material that is commercially available for future purposes because effective formulations are 

better prepared with a suitable carrier in anticipation to enhance cell survival and stability, 

protect cells from adverse environmental conditions and supply bacterial cells with nutrients 

for a considerable length of storage before application or use. Further considerations were the 

capabilities of selected bacteria that formed the consortium, the composition of nutrient culture 

medium used to grow the bacterial cells; the active metabolic state of the bacteria at the stage 

of isolation either from the enrichment media or from the co-compost pile, then, the drying 

techniques used and storage conditions. These issues are essential and were carefully 

considered in this study to avoid challenges of loss or none survival of cells and at the same 

time develop an improved formulation with longer shelf life with an adequate number of viable 

cells that were protected, suitable, and eventually user-friendly for crude oil sludge 

biodegradation. According to Nam et al. (2018), formulations should be user-friendly and 

cheaper to produce and maintain active cell viability and have a long shelf life of over 3 months 

in storage. 

Table 5.3 The viability and shelf life of immobilized bacteria cells during storage at room 
temperature.   

Bacteria 
immobilized 
formulation 
(Drying 
technique)  
 

Day 30 Day 60 Day 90 Day 120 Day 150 Day 180 Day 210 Day 240 Day 270 Day 300 

Wet/moist 
(20-30%) 
(ABF-1) 

34.4x 107 40.0x107 13.2x107 9.2x107 6.7x107 6.1 x107 5.9 x107 6.0 x107 1.7 x107 1.2 x107 

Air-dried 
(ABF-2) 40.0x 107 30.0x107 26.1x107 14.3x107 9.0x107 10.5x107 7.0 x107 6.9 x107 2.0 x107 1.5 x107 

Freeze-
dried 

(ABF-3) 
26.4x 107 26.1x107 24.9x107 12.5x107 5.0x107 4.8 x107 5.0 x107 5.3 x107 5.0 x107 1.8 x107 

The bacterial populations (CFU/ml) was determined using the standard dilution plating count after 30 
days interval, for 300 days of storage. 
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5.12 Scanning Electron Microscopy 
 

5.12.1 Microstructure of the Raw Corncob powder 
 

The microstructure of the raw corncob powder used in this study is shown in Figure 5. 4 A-D. 

The images are the structure of the large pore-surface area of the ground corncob. The corncob 

was examined using Scanning Electron Microscope (SEM), which revealed the corncob's 

image information and composition (Figure 5.4 A-D). Scanning electron microscope imaging 

was performed on the tiny piece of raw corncob-surface, (SEM Figure 5.4 A-D) at 400X to 

5,000X Magnifications, 5.0 kV LED electron beam voltage focus energy, 10.1 to 10.3 nm W.D. 

spatial resolution working distance, 1µm to 10 µm length scale bar aperture diameter. It 

revealed the perforated, robust, porous, and furrow-like structure on the corncob surface area 

with deposits of elemental crystals distributed on its surface area, which is visible as observed 

in Figure 5.4 C and D. This is probably the reason for the quantity (Conc. in wt.%) and types 

of elements identified during corncob characterization with a different method in this study. 
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(B)  

 

  

 

Figure 5.4 Scanning electron micrograph image on a tiny piece of corncob-SURFACE performed 
on (A-D) at 400X to 5,000X Magnifications, 5.0 kV LED electron beam voltage focus energy, 10.1 to 
10.3 nm W.D. spatial resolution working distance, 1µm to 10 µm length scale bar aperture diameter  

 

 

(A) 
 

(C) (D) 
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Figure 5.5 A-B, and Table 5.2 & 5.4, have revealed the chemical composition of the surface 

area of the corncob sample used in this study. It was indicated that corncob harboured several 

substantial quantity elements (Conc. in wt.%). Table 5.2 revealed in percentage mg.kg-1 the 

metal elements present in the corncob after analyses using ICP-OES, while Table 5.4 showed 

the SEM-EDX spectral analyses of a spot and chemical composition of the surface-area of 

corncob (wt. %), at the acceleration voltage 10 KV and diffraction take-off angle of 30.4O, as 

referred to Figure 5.5 A and B. Although, according to the results obtained, the concentration 

of the metal-elements was low which indicates that the use of corncob as a carrier is harmless 

to the environment. 

 

  

 

 (A) 
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Figure 5.5 A-B. Scanning electron micrograph of a piece of corncob-surface at 1,000X magnifications, 
10.0 kV LED electron beam voltage, 10.3 nm W.D. spatial resolution working distance, (A) SEM-
surface-spot, position area, and depth of 5 µm length scale bar aperture diameter. (B) SEM-EDX 
spectrum revealed the intensity of elements. 

 

 

Table 5.4 SEM-EDX of spot and surface area analyses of corncob chemical composition 
(wt. %), at the acceleration voltage 10 KV and diffraction take-off angle of 30.4O. Referred to 
figure 5.5 A and B. 

 
 

(B) 
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5.12.2 Energy Dispersive X-ray (EDX) Spectroscopy Analyses on Corncob-Surface 
 

The coupled energy dispersive X-ray (EDX) spectroscopy analyses on surface-area-spot 1 at 

5µm length scale bar aperture diameter revealed the elemental content of corncob powder and 

its distribution. The results obtained from the SEM-EDX spectral analyses in Figure 5.5 A-B 

revealed the abundance of C, N, O, Na, Mg, Al, Si, P, Cl, and K. In Table 5.4, the quantitative 

analyses revealed their dominant mass fraction content in wt.% in which C (60.0 wt.%) was 

the highest followed by O (17.8 wt.%), N (11.8 wt.%), Cl (3.5 wt.%) and K (3.1 wt.%) and the 

least was Mg (0.1 wt.%). The N :P: K ratio was revealed to be 11.8: 1.1: 3.1 wt.%, respectively. 

The EDX spectral showed a high intensity of C alone in the spectrum, which agrees that carbon 

is dominant in the corncob powder, although other elements such as O, N, Na, P, Cl, and K 

were present. The EDX particle analyses performed at 10.0 kV, and diffraction take-off angle 

of 30.4O on the corncob surface area showed that spot 1 in Figure 5.5 A-B and Table 5.4 agrees 

that C (60.0 wt.%) at spot 1 was higher than other elements present. The characteristics of the 

corncob powder using LECO TruMac (LECO Corporation TruMac CNS Macro Analyzer) 

revealed that the mean (%) of the Total Carbon content (TC%) present in the corncob powder 

was C = 38.996±0.25%, Total Nitrogen content (TN%) was N = 0.329±0.04%. These results 

had shown that corncob powder has high carbon content and carbohydrate, which are a source 

of energy required for metabolic activities, and it is obtained via oxidation processes of the 

sample. The corncob powder also contained a high percentage value of oxygen (17.8 wt. %), 

which is also needed by bacteria cells.   

5.12.3 SEM Image Analysis on Corncob-Surface with Immobilized Bacteria Isolates 
 

Corncob powder was used as an immobilizer because of its porosity and large surface area 

advantages for bacteria attachment and adhesion by electrostatic binding (Figures 5. 6 A-D and 

5.7 A-D). The scanning electron microscope imaging on the tiny piece of the corncob-surface 



274 
 

area with immobilized bacteria isolates (a complete active bacteria formulation), Figure 5.6 

SEM A-D was between 400X to 10,000X magnifications, 5.0kV to 10.0 kV LED electron beam 

voltage, 9.9nm to 10.1nm W.D. spatial resolution working distance and depth of 1µm to 10µm 

length scale bar aperture diameter. Figure 5.6 A-B is the Wet-Set/ABF-1, revealing a vast 

furrow-like surface area of the corncob powder and immobilized cells. Figure 5.6 B, ABF-1, 

revealed cell attachment level; its accumulation was in clusters at a spot. The result showed the 

accumulation of bacteria cells in clusters at a particular area, possibly because of bacteria cells' 

affinity for certain elements present at such spots; therefore, they were attracted to adhere or 

bind at the spot for their sustenance, survival, and viability. Figure 5.6 C-D is the Air-dry 

set/ABF-2, revealing cells' accumulation in clusters at a pore-spot indicating the visibility of 

viable cells in a more compacted-cluster form. It revealed the accommodation of viable cells 

in a pore as if it is housed in a bucket, SEM Figure 5.6 C.  Another SEM imaging (Figure 5.7) 

was performed between 2,500X to 10,000X magnifications, 5.0kV LED electron beam voltage, 

9.7nm W.D. spatial resolution working distance, and depth of 1µm to 10µm length scale bar 

aperture diameter, Figure 5.7 SEM A-D is the Freeze-dried set/ABF-3 (a complete active 

bacteria formulation freeze-dried at -42OC for 72 hr), revealing a huge furrow-like surface area 

of the corncob powder with sets of systematic compact-layers and immobilized cells. The cells 

were observed to be scattered over the surface, though clustered but copious to cover the 

surface area, unlike the ABF-1 and ABF-2 sets that accumulated at a spot.  In the ABF-3, 

immobilized bacteria cells were well distributed, probably because of the drying technique in 

this treatment-set. Samples of the active bacterial formulation (ABFs) examined using SEM 

showed that corncob was porous and had a large surface area for bacteria attachment, as shown 

in Figures. 5.6 and 5.7. It provided a suitable surface area for bacteria cell attachment, 

indicating that the microenvironment accommodated the immobilized bacterial cells, as shown 

in Figures 5.6 and 5.7. (Shariff et al., 2016).   
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From the results shown in Figures 5.4, 5.5, 5.6, 5.7 and Table 5.4, it is evident that corncob 

powder was a good, suitable, and compatible carrier material for the immobilization of crude 

oil sludge degraders; remarkably, it had a massive affinity for the efficient binding of cells on 

the surface area. From the SEM imaging, it is glaring that bacterial cell immobilization took a 

natural affinity of adhesion, thereby binding on the rough and porous furrow-like structured 

surface-area of the corncob powder, as clearly shown in the ABF-3. It was also homogenously 

entrapped, adsorbed, and bonded in specific areas on corncob powder porous and furrow-like 

structured surface-area. This could be because of the positive and negative attraction between 

corncob powder and bacterial cells coupled with more nutrient accumulation on the corncob 

surface, most importantly, the carbon. Remarkably, it was fresh active cells of 48 hr incubation 

that was used for the formulations.  They are likely to be actively attracted to carbon 

accumulated regions on the corncob surface.       
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  Figure 5.6 Scanning electron micrographs of corncob-SURFACE with immobilized bacteria (a 
complete active bacteria formulation - ABF-1/ ABF-2). (A) ABF-1 = Wet-Set active formulation 
(reduced moisture of 20-30%) revealing huge surface area of the corncob like a furrow and 
immobilized cells (B) ABF-1 = Wet-Set active formulation, revealing the level of cells accumulation 
in clusters at a particular spot. (C) ABF-2 = Air-dry set active formulation, revealing accumulation 
of cells in clusters at a pore-spot (D) ABF-2 = Air-dry set active formulation, revealing visible 
accumulation of viable cells in a more compacted-cluster form.   

 
(A)  

 
 

(B) 

 
(C) 

 
(D) 
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Figure 5.7 Scanning electron micrographs of corncob-SURFACE with immobilized bacteria (a 
complete active bacteria formulation- ABF-3). SEM A-D is the Freeze-dried set of active 
formulation- ABF-3 (at -42OC for 72 hr) revealing a huge surface area of the corncob like a furrow 
with sets of well arrange sheet/flake compact-layers and immobilized cells. The cells were observed to 
be scattered over the surface, though clustered but well spread to cover the surface area, unlike the Wet 
and Air-dried sets that accumulated at a spot.   

 

(A) (B) 

(C) (D) 
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5.13 Conclusion 

  
The SEM images and EDX results that show the metal elements and trace elements are 

presented in Figures 5.4, 5.5, 5.6, 5.7 and Table 5.2, 5.4; it is interesting to note that these 

techniques can be used to analyse the nutritional and elemental composition of corncobs.  It 

was also revealed that the corncob sample is a good nutrient source. The copious (Conc. wt.% 

in Figure 5.4, 5.5, 5.6, and Table 5.2, 5.4) and distribution of mineral elements have revealed 

that corncob could reliably supply nutrients in the treatment system in case of nutrient 

deficiency during bioremediation because it may serve as a biostimulation agent.  It is suitable 

to improve in-situ bioremediation processes since its chemical composition makes it a 

biostimulant with essential nutrients or electron acceptor with C: N: P: O, introduced into the 

system (Dzionek et al., 2016). SEM imaging showed that corncob is a support carrier material. 

These images have confirmed that cells were firmly immobilized on the corncob surface; again, 

such indicates that the surface area of corncob has a favourable condition for adsorption and 

survival of bacterial cells, these thus enhance the stability and viability of immobilized cells, 

which is also essential to improve bioremediation processes (Chakraborty et al., 2015; Dzionek 

et al., 2016). 

The corncob's structural properties have made it a suitable carrier material for immobilization 

of bacteria cells as well as a bulking agent for aeration that may lead to an improved 

bioremediation process. It is biodegradable, non-toxic, commercially available, stable, and 

suitable as an immobilizer material for bacteria due to its large surface area and naturally 

perforated; these features permit bacteria attachment and growth with oxygen diffusion.  

Corncob has a high-water holding capacity that could keep the formulation moist, not allowing 

rapid dehydration during storage or on the application for bioremediation. This is because 

having a high-water holding capacity; and the corncob powder would ensure the maintenance 
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of moisture level, pH, temperature, carbon dioxide evolution, and oxygen consumption, 

thereby providing an aerobic system that enhances microbial activities in the system. Due to 

its high mineral composition, corncob powder can also improve soil nutritional condition by 

repairing the nutrient deficiency, and the perforated natural structure allows for improved 

aeration when in use (Dzionek et al., 2016). The corncob as a suitable carrier material protected 

cells that are attached to its robust, porous, large surface-area, pore-space, and nutritional 

composition provided a favourable condition for the cell's survival, viability, long shelf life, 

and active metabolic functional outputs (Figure 5.4, 5.5, 5.6, 5.7). Corncob was an ideal carrier 

material for this study amongst other carrier material such as vermiculite, talc-based powder, 

peat-based power, bentonite-based powder, alginate, κ-carrageenan, chitosan, sawdust, straw, 

charcoal, plant fibres, bagasse, rice, husks of sunflower seeds, diatomite, mycelium and many 

more. This is because it is commercially available in large quantities in South African farms, 

non-toxic to the cells and environment, biodegradable, remarkably corncob's physical 

properties show that it is suitable for sufficient cells accommodation (Wei et al., 2015; Deng 

et al., 2016; Dzionek et al., 2016).  

It is evident that bacteria require carbon and inorganic macronutrients as N, P for their growth 

and activities; however, it is important to note that the C, N, P concentration and their available 

requirement for bacteria is not constant but differ with bacteria type, the source of carbon 

metabolized and the environment (Leys et al., 2005). The N: P concentration and availability 

influence bacterial metabolic activity in any environment. However, some bacteria strains such 

as Mycobacterium sp. and Sphingomonas sp. are capable of growing and metabolizing organic 

pollutants such as PAHs at low or high concentrations of inorganic nutrients (Leys et al., 2005), 

with their growth/activities not influenced or limited by the concentration or imbalance of 

inorganic nutrients in their environment. Remarkably, in this study, some of these bacteria 

comprised part of the consortium used for the formulation. These specific features and capacity 



280 
 

are an added selective advantage for these bacteria to degrade complex crude oil waste sludge 

in the environment. A well-known limiting factor of crude oil sludge biodegradation in the 

environment is a deficiency or low availability of inorganic nutrients such as N: P and addition 

of N/P into the environment if lacking is essential to stimulate a biodegradation process 

(Simons et al., 2013), and N: P was present in the corncob powder. 

Interestingly, in this study, corncob powder was incorporated to serve different capacities such 

as the carrier material for the bacterial cell, immobilization to harbour, and protect the bacterial 

cell. Then, as a bulking agent for aeration and adsorption for easy contact with the bacterial 

cell and crude oil sludge components; as envisaged in its capacity when mix with the soil or 

crude oil sludge to loosen the material compactness to provide sufficient aeration require by 

bacteria, thereby improve their metabolic activities which eventually enhance bioremediation 

of contaminants (Deng et al., 2016; Dzionek et al., 2016; Raimi, 2017). The addition of 

nutrients in the form of elements and minerals is necessary to stimulate bacterial growth and 

activities for the sustenance, survival, viability, and shelf life of immobilized bacterial cells.  

According to the results, the bacteria strains used for the formulation are those responsible for 

the degradation of crude oil sludge and its components present in the compost piles. They have 

been revealed to possess strong, diverse metabolic degrading capabilities and can 

concomitantly biotransform multiple hydrocarbons of LMW and HMW under any 

environmental condition (Brzeszcz & Kaszycki, 2018). They are also efficient enzyme and 

biosurfactant producers on petroleum hydrocarbon medium, as such they syntheses 

extracellular enzymes such as polysaccharides-degrading enzymes, lipase, cellulase, amylase, 

and protease, which can catalyse a wide variety of synthetic reactions and utilize aromatic 

substrates (PAH-degradation).  
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The pH of corncobs and formulation ranged from 5.6 ±0.10 to 8.3±0.80 respectively in 300 

days of storage, and in this study, pH was not adjusted because bacterial isolates selected which 

formed the consortium used for the formulation are those that strive to survive under any 

adverse environmental condition (Ardakani et al., 2010; Lanzilli et al., 2016; Masy et al., 2016). 

The results in Table 5.3 suggested that the pH of the corncob and the formulation may not have 

exerted any negative effect, and even if it did, bacterial cells overcame the adverse effects 

during the storage at room temperature. This agrees that there is no significant information on 

the negative effect of corncob powder as a carrier ingredient on microorganisms' viability (Wei 

et al., 2015; Dzionek et al., 2016). Thus, this study's most suitable carriers' material is corncobs 

powder, a natural carrier that maintained the stability and interaction with the bacterial 

population present. Nevertheless, bacteria require appreciable quantities of nutrients (Conc. 

wt.%) such as carbon, nitrogen, phosphorus, potassium, and more; such nutrients are for cell 

growth and metabolic activities (Raimi, 2017). This may account for high counts (CFUs) of 

bacteria in the formulation during storage, and these nutrient elements are essential for bacterial 

growth and metabolic activity, and PAH-biodegradation activities.  

Excitingly, it is important to note that the motive for the proposed formulation in anticipation 

to improve bioremediation processes was achieved, because it is evident that the active bacteria 

formulation developed comprised the selection of the best diverse and adapted bacteria 

consortium with the effective capabilities to produce the most suitable biosurfactant as the best 

emulsifiers for the degradation of crude oil sludge,  they also mediate in the synthesis of 

extracellular enzymes such as polysaccharides-degrading enzymes, lipase, cellulase, amylase, 

and protease, which catalyse a wide variety of synthetic reactions to emulsify and disperse 

hydrocarbons, thereby increasing the bioavailability of substrate as well as hydrophobicity of 

cell surface, which subsequently increase the substrate interaction and biodegradation capacity 

by bacteria cells and utilization of aromatic substrates (PAH-degradation) (Blyth et al., 2015; 
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Bezza, 2016; Ivshina et al., 2016; Kästner & Miltner, 2016; Lim et al., 2016; Patowary et al., 

2016). They are also fatty acids producers, involved in nitrate/nitrite-reduction using a wide 

variety of available organic compounds as their substrate, they also possess enhanced 

capabilities to tolerate harsh environmental conditions and create a faster reaction in improving 

the bioavailability and degradation of target contaminants (Wei et al., 2015), as such they are 

versatile in their capacity as individually or consortium, playing a significant role in 

biodegradation of PAH in contaminated sites (Adams et al., 2016; Adam et al., 2017; Sarkar et 

al., 2016, 2017). Most of them (70%) are aerobic bacteria, positive producers of catalase, and 

oxidase, which catalyse the oxidation process, as such protect their cell (as a protective 

mechanism) from oxidation damage in any adverse environmental conditions during the 

degradation process. They also produce esterase-lipase and esterase hydrolyses esters/fatty 

acids during the degradation process via β-oxidation into a simpler substrate, making them 

available for utilization as a carbon or substrate source, even under extreme environmental 

conditions of low or high temperatures, salinities, and acidic or alkaline pH levels (Xiao et al., 

2014). As a consortium, they are more effective in the biodegradation of pollutants than single 

and pure cultures, possibly because of their combined cooperative metabolic capabilities, 

which is a significant advantage of the consortium (Patel et al., 2018). They also accessed the 

hydrophobic compound differently depending on their cell surface hydrophobicity, high cell 

hydrophobicity allows the microorganism to directly contact or access oil droplets or solid 

hydrocarbons (Esin, 2012; Noparat et al. 2014),  while bacteria with low cell hydrophobicity 

can only access emulsified oils or micelles, as such they support co-metabolism because the 

intermediates produced by some bacteria during pollutant metabolism serves as a substrate to 

others for growth and activity in the same system thereby improve bioremediation in the 

process (Cerqueira et al., 2011; Kuppusamy et al., 2016). In most cases, the biosurfactant they 

produce assists bacteria cells to change the mode by which they access hydrocarbon as sources 
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of carbon and other substrates while utilizing them as the source for growth and activities 

during the biodegradation process (Noparat et al., 2014). As observed, 70% of the bacteria 

comprising the consortium are efficient biosurfactant producers and because they are still 

metabolically viable at the time of application according to the viability test results, their 

features and capabilities would have huge influence on the degradation of crude oil waste 

sludge because they would initiate interaction and easy contact between them and contaminants 

due to their substrate affinity (Neu, 1996; Kabelitz et al., 2009; Cortés-Sánchezet al., 2013; 

Wei et al., 2015), thus, improved biodegradation would be achieved, thereby effectively 

shortening the response time of bacteria to engage in biodegradation of crude oil sludge in a 

contaminated environment.  

Furthermore, the corncob powder used provided features of a protective niche for bacteria cells 

immobilized on it, with its nutritional contents, it also serves as a bulking agent to improve 

oxygen diffusion.  The activities of immobilized bacterial cells rely on the mixture of nutrients 

and rich organic materials on corncob powder to addressing the challenges encountered during 

bioremediation, such as low survival of introduced bacteria population (bioaugmentation) due 

to harsh environmental conditions (Ardakani et al., 2010; Lanzilli et al., 2016), and lack or 

insufficient nutrients availability to the microbial population that could stimulate their growth 

and activities, as well as make crude oil sludge and its components available as their specific 

carbon or substrate source. The nutrients embedded in corncob powder have some conspicuous 

functions and are helpful in the biodegradation of crude oil sludge, because they stimulate 

microbial growth and activities, which enhance microbial utilization of contaminant 

hydrocarbon and expedite effective biodegradation (Ubani, 2012; Sarkar et al. 2020). 

Generally, in the environment, low temperatures impede microbial growth and proliferation 

(Ubani & Atagana, 2018),  it reduces bioavailability and consequently biodegradation of the 

target contaminants. In such cases, nutrients are helpful to stimulate microbial growth and 
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activities that may cause an increase in temperatures that may expedite effective biodegradation 

(Ubani, 2012). In preparation for the active bacterial formulation, corncob powder was used as 

a carrier to immobilized bacteria cells because of its potentials to increase stability and 

interaction between bacterial populations and contaminants (Wei et al., 2015; Dzionek et al., 

2016). Corncob is highly perforated, providing enough attachment space for the adsorption or 

binding on the surface for bacteria immobilization. It has the potential to maintain a high-water 

holding capacity, not allowing rapid dehydration during storage or on the application for 

bioremediation. This is because having a high-water holding capacity; the corncob powder 

would ensure the maintenance of moisture level, pH, temperature, carbon dioxide evolution, 

and oxygen consumption, thereby providing an aerobic system that enhances microbial 

activities in the system. Due to its high mineral composition, corncob powder can also improve 

soil nutritional condition by repairing the nutrient deficiency, and the perforated natural 

structure allows for improved aeration when in use (Dzionek et al., 2016). On water surfaces, 

corncob powder can float and adsorb contaminants, while immobilized bacterial cells are 

released gradually based on bacterial and contaminant attraction/affinity, allowing the bacteria 

to perform better while limiting the enzyme mobility and/or quick wash-off of bacteria cells, 

thus, enhancing their viability and metabolic functions (Liu et al., 2015). The corncob as a 

suitable carrier material protected cells that are attached to its robust, porous, large surface-

area, pore-space, (the furrow-like structure) as a shield from environmental stress and the 

nutritional composition provided a favourable condition for the cell's survival, viability, long 

shelf life, and active metabolic functional outputs (Figure 5.4, 5.5, 5.6, 5.7). Remarkably, in 

this study, corncob powder was a vital agent incorporated to serve in different capacities such 

as the carrier material for bacterial cell immobilization to harbour and protect them, source of 

nutrients in the form of elements and minerals necessary to sustain and stimulate bacterial 

growth and activities, viability, and shelf life of immobilized bacterial cells. Then, as a bulking 
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agent for aeration and adsorption for easy contact with the bacterial cell and crude oil sludge. 

As envisaged in its capacity, when mixed with the soil or crude oil sludge, it loosens the 

material compactness to provide sufficient aeration require by bacteria, thereby improve their 

metabolic activities, which eventually enhanced bioremediation of crude oil sludge (Deng et 

al., 2016; Dzionek et al., 2016; Raimi, 2017). Corncobs were a suitable material for bacteria 

immobilization because of their potential for biodegradability, non-toxicity, physiology, 

environmental compatibility, and availability. The anticipated advantage of the drying methods 

during the preparation of the formulation was to maintain long shelf life and active viability of 

bacteria cells, as well as easy to mix with the soil or crude oil sludge for biodegradation 

processes. Then, corncob powder can also adsorb crude oil sludge, which enhances a quick 

contact between bacteria cells and crude oil sludge. The bacteria cells immobilized on corncob 

powder makes it a ready-to-apply formulation, and the bacteria cells possess strong diverse 

enzymatic and metabolic degradation capabilities that can concomitantly biotransform, 

solubilize and digest multiple hydrocarbons of LMW and HMW under any environmental 

condition making them bioavailable for their growth and activities (Owsianiak et al., 2009; 

Esin et al., 2013; Masy et al., 2016; Bertel-Sevilla et al., 2020; Brzeszcz & Kaszycki, 2018). 

These features made the bacteria formulation special as they possess potential advantages for 

applicability in any weather condition and environmental type. Thus, the efficacy and 

efficiency of the developed active bacteria formulation on improving biodegradation of 

complex crude oil waste sludge were tested and discussed in the next chapter.   
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CHAPTER SIX 
 

Application of the Active Bacterial Formulation (ABF) for the Degradation of Crude 
Oil Waste Sludge 

 

6. Introduction 

  
Crude oil sludge is a recalcitrant contaminant due to its strong molecular bonds, 

hydrophobicity, and low water solubility. This contaminant is complex and comprises of a 

thick, viscous mixture of sediments, water, oil, as well as high hydrocarbon concentration of 

low and high- molecular weight PAHs ranging from two to six fused benzene rings or more 

that are of environmental concern. However, physical, chemical (Liu et al., 2010), and 

bioremediation processes could be used to remediate the alteration of natural habitats, as well 

as lethal and sub-lethal effects of crude oil sludge (Das & Chandran, 2011; Liu et al., 2011; 

Ubani, 2012; Ibuot & Bajhaiya, 2013). Among these methods, bioremediation (Ibuot and 

Bajhaiya, 2013) stands out as the most effective option (Das & Chandran, 2011; Chemlal et 

al., 2012). Bioremediation processes are scientific procedures that involve the use of diverse 

and successive microbial populations under carefully controlled parameters to improve 

remediation of contaminants (Boopathy, 2000; Mani & Kumar, 2014; Ofoegbu, 2015; 

Azubuike et al., 2016; Abatenh et al., 2017; Huhe et al., 2017). Although bioremediation is a 

promising technique for the remediation of contaminants, there are challenges associated with 

bioremediation processes. Such challenges include the survival of degrading microorganisms 

because of the adverse effect of contaminants or environmental conditions that impede such 

microorganisms' activities (Hou et al., 2013). On the other hand, deficiency of required 

nutrients during the bioremediation process may hinder microbial activities from degrading 

target contaminants (Simons et al., 2013). Hence, to address these challenges and improve the 

bioremediation of crude oil sludge, an active bacteria formulations (ABFs) was prepared as 
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described in Chapter Five.  Thus, in this chapter, the efficacy and efficiency of the developed 

active bacteria formulation on improving biodegradation of complex crude oil waste sludge 

were tested and discussed. 

According to the screening processes described in Chapter Four, the bacteria strains used for 

the formulations were carefully selected because they possess specialized and enhanced 

capabilities to tolerate harsh environmental conditions and create a faster reaction in improving 

the bioavailability of contaminants to microorganisms for the degradation of target 

contaminants both LMW and HMW PAHs present (Wei et al., 2015).  The selected bacteria 

strains were immobilized on corncob powder as described in Chapter Five. The corncob 

powder was used because of its features that provides a protective niche for bacteria cells 

immobilized on it and its nutritional contents and to serve as a bulking agent by improving 

oxygen diffusion while it immobilized bacterial cells.  

In this experiment, the complex crude oil waste sludge was treated for degradation with the 

active bacteria formulations (described in Chapter Five as ABF-1, ABF-2, and ABF-3).  The 

soil amended with crude oil sludge designated as soil-oil sludge mixture (SSM) thoroughly 

mixed with the ABFs were incubated for 90 days at room temperature for biodegradation. The 

treatments were monitored for changes in physical and chemical parameters to estimate 

microbial activities. The composition of the active degrading bacteria community was analysed 

using culture-dependent and culture-independent approaches to elucidate the autochthonous 

microbial community present. To determine the diversity of organisms, high throughput deep 

sequencing of 16S rRNA genes (Illumina MiSeq next-generation sequencer) was used. The 

ability of the formulation to degrade complex crude oil refinery waste sludge was measured by 

determining the polycyclic aromatic hydrocarbons residual concentrations. After the treatment, 

the treated soil-oil sludge mixtures and ABFs were tested on sweet bell pepper plants to 

determine their safe disposal in the environment. The effect of the crude oil waste sludge was 
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compared with that of the treated soil-oil sludge mixtures by application on sweet bell pepper 

plants in a greenhouse. 

6.1 Materials and Methods 
 

6.2 Application of the active bacterial formulation (ABF) in the degradation of crude oil 
waste sludge 
 

6.3 Experimental procedures 
 

In this experiment, garden soil collected from a farm in Tembisa, Gauteng, South Africa, and 

characterized for its physical and chemical properties, as described in Chapter three, was mixed 

with crude oil sludge collected from an oil refinery in Durban, KwaZulu-Natal, South Africa. 

The crude oil waste sludge was also characterized as described in Chapter Three. The shelf life 

and viability of the active bacterial formulations (ABF-1, ABF-2, and ABF-3) used was tested 

as described in Chapter Five and applied to degrade crude oil waste sludge in this experiment 

after standing for 120 days in storage.  

The soil was air-dried, homogenized by hand for easy mixing with crude oil sludge and the 

active bacteria formulation (ABF).  Before mixing the crude oil sludge with garden soil and 

active bacteria formulations, 300 g of crude oil waste sludge were first dissolved in 400 ml of 

Tetrachloromethane (CCl4, 99.55%, molar mass 153.8236 g/mol, density 1.594 g/ml at 20OC, 

purchased from Merck South Africa) to enhance thorough mixing with the soil. The crude oil 

sludge-CCl4 mixture was thoroughly mixed with 1 kg of soil, homogenized, and air-dried at 

room temperature for 2 hr to allow excess CCl4 to evaporate and designated as soil-oil sludge 

mixture (SSM).  Portions of the crude oil waste sludge-CCl4-soil mixture (SSM) (1 kg) were 

separately amended with 500g each of either of the different active bacteria formulations (ABF-

1/ABF-2/ABF-3) in a ratio of 2:1(w:w) (SSM:ABF), and SSM +ABF-1 was designated as 
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Treatment-1, SSM+ABF-2 = Treatment-2 and SSM+ABF-3 = Treatment -3 respectively. The 

corncob powder used in the ABF served as a carrier material for immobilized bacteria cells, a 

source of nutrients, and a bulking agent to enhance aeration and easy contact between the 

bacterial cells and crude oil sludge. The corncob powder enhances porosity when mixed with 

the soil-crude oil sludge mixture, allowing sufficient aeration require by bacteria for their 

metabolic activities to enhance the biodegradation of crude oil sludge. As described above, a 

portion was prepared as the control treatment with no bacteria formulation added, only soil 

mixed with dissolved crude oil sludge (SSM) and corncob powder as a bulking agent. All 

treatments, including the control treatment, were set-up in triplicates and incubated at room 

temperature in triangular PVC troughs with lids, measuring 22cm (length) x 9.2cm (Depth) x 

20cm (width) for 90 days at the potting shed (Horticulture Department, University of South 

Africa, Florida Campus Roodepoort), as shown in Figure 6.1. The lids and the sides of PVC 

troughs were perforated for aeration, making them aerobic treatments. Parameters such as 

temperature, moisture content, pH level, ash content, carbon dioxide evolution, and oxygen 

consumption were measured during the incubation period. Temperature changes were 

monitored by placing a laboratory thermometer in the middle of the treatment.  The moisture 

content was measured by using the method adopted from Atagana (2008), and water was added 

to the treatment when necessary to maintain moisture level, not allowing it to dry-up. The pH 

was measured monthly with a pH meter (Crimson Micro pH 2000TM) using the aqueous 

extract of the treatment mixture. Ash content was measured by drying 10 g of the treatment 

sample in a furnace at 400OC for 6 hr at the initial stage and the end of the experiment. Carbon 

dioxide evolution and microbial activities were monitored at room temperature using the closed 

jar method adopted from Atagana (2008), Bünemann et al. (2012) and Ubani & Atagana 

(2018). 
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Two different sets of the experiment were prepared in a liquid medium as an enrichment 

culture. In the first set, 500 g of each active bacteria formulation (either ABF-1, ABF-2 or 

ABF-3) was added separately into a 1-litre mineral salt medium (MSM) in a 2 litre Erlenmeyer 

flask. Then, the mixture was amended with 300 g of crude oil sludge dissolved with 100 ml of 

Tetrachloromethane (CCl4), excess Tetrachloromethane allowed to evaporate for about 2 hr, 

then, the mixture was thoroughly mixed by shaking gently, and liquid media+ABF-1 were 

designated as Treatment 4, liquid media+ABF-2 = Treatment 5, and liquid media+ABF-3 = 

Treatment 6. The flasks were stoppered with aluminium foil perforated and incubated at room 

temperature for 90 days, as shown in Chapter Four, Figure 4.1. All treatments were duplicated.  

This set of experiments was prepared to evaluate the behaviour and capability of the 

immobilized bacterial cells to degrade crude oil sludge in aqueous media because usually 

waterlogging may promote anoxic conditions, thereby reducing aerobic bioremediation 

efficiency.  

The second set was a mixture of 500 g of each active bacteria formulation (either ABF-1, ABF-

2, or ABF-3) separately in 1 litre MSM in a 2 litre Erlenmeyer flask. Then, 300 g of crude oil 

sludge dissolved with 100 ml of Tetrachloromethane (CCl4), excess Tetrachloromethane 

allowed to evaporate for about 2 hr, the mixture was amended with 1% Tween 80 (v: v), then, 

the mixture was thoroughly mixed by shaking gently, and liquid media+ABF-1+1% Tween 80 

were designated as Treatment 7, liquid media+ABF-2+1% Tween 80 = Treatment 8, and liquid 

media+ABF-3+1% Tween 80 = Treatment 9. The flasks were stoppered with aluminium foil 

perforated and incubated at room temperature for 90 days, as shown in Chapter Four, Figure 

4.1. All treatments were duplicated.  This set was prepared to determine the surfactants' effect 

(Tween 80) on the biodegradation of crude oil sludge (PAH) in the aqueous medium. 

Surfactants are designed with solubility properties while promoting the contaminant's 

remediation by making them bioavailable to microorganisms.  
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Identification of the active degrading bacteria community was done using culture-dependent 

methods, while the diversity composition was determined using culture-independent methods 

(Illumina MiSeq next-generation sequencer-16S rRNA genes).  

 

 

 
 

Arrows indicating traces 
of corncob powder. 

(A) 



301 
 

 
Figure. 6.1 (A) Treatment experiments, (B) Control experiments. The aerated treatments of 
different immobilized active bacteria formulations, either the freeze-dry, wet, or air-dry 
formulation.  

 

6.3.1 Measurement of Physical and Chemical Parameters in Treatments (1-3) and 
Control experiments 
 

The physical and chemical parameters measured in treatments (1-3), and control experiment, 

were as described in Chapter Three (1) pH in section 3.2.3, (2) dry matter content in section 

3.2.4, (3) temperature in sections 3.3.1, (4) moisture content section 3.3.2, (5) ash content 

section 3.3.3, and (6) carbon dioxide evolution as well as oxygen consumption in section 3.3.5.  

6.3.2 Determination of PAH Residual concentration in Treatments and Control 
experiments 
 

The residual concentrations of selected PAHs present in the treatments (1-9) and control 

experiments were recovered by extracting analyte from the samples using automated Soxhlet 

Arrows indicating traces 
of corncob powder. 

 

(B) 
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extractor performed with EPA method 3541 and Dichloromethane as the extraction solvent as 

shown in Chapter Three, Figure 3.1 (Wang et al., 2010). Samples were collected from the 

treatments and procedures described in Chapter Three, sections 3.2.8, 3.2.8.1. and 3.2.8.2, in 

which three unique stages of extraction were followed to recover the residual concentration of 

selected PAHs present. The PAH residual concentration present in the extracts was then 

quantified by GC/MSD (Figure 3.2). The stock standard used was restek cat No 8270-1 

purchased from Sigma Aldrich, South Africa, which contains a semi-volatile mix, and was used 

to prepare the calibration standard. Table 3.1 in Chapter Three described the GC/MSD 

conditions for analysing the PAH residual concentration present in the extract samples (Sun et 

al., 2006; Doris & Kenneth, 2009).   Before sample analysis, the GC-MSD was calibrated with 

Restek cat no. 8270-1 PAH stock standard (Sigma Aldrich Ltd) and the percentage PAH 

degradation was calculated as follows: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	𝑃𝐴𝐻	𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
([𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝑃𝐴𝐻] − [𝐹𝑖𝑛𝑎𝑙	𝑃𝐴𝐻])

[𝐼𝑛𝑡𝑖𝑎𝑙	𝑃𝐴𝐻]
	𝑥	100 

 

6.4 Culture dependent microbiological analyses 
 

Identification of the active degrading bacteria community was conducted using the enrichment 

culture method and Sanger sequencing analysis of 16S rRNA genes. Simultaneously, the 

diversity composition was determined using culture-independent methods, a high throughput 

deep sequencing of 16S rRNA genes (Illumina MiSeq next-generation sequencer). 

Enrichment cultures of the active degrading bacteria from the treatments (1-3) and control in 

mineral salt medium (MSM) were carried out as described in Chapter Four, section 4.13, and 

4.1.4.  Samples were collected directly from the 2 -sets of liquid culture medium without further 

enrichment. The isolation and identification were by plating out the enriched culture on the 
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mineral salt medium agar plates described in Chapter Four sections 4.1.5 and 4.2 as a selective 

medium. Only bacteria that can grow and utilize crude oil sludge substrates were expected to 

grow on the mineral salt medium agar plates. Then, the genomic DNA extraction of bacteria 

isolated from the enrichment culture was conducted as described in Chapter Four, section 4.4. 

All samples used at this stage were pure/single colonies isolated from the enrichment cultures 

using MSA media and were further purified using the streaking method on nutrient agar media. 

They were also grown in the nutrient broth before DNA extraction. Thus, Quick gDNA 

Extraction Kit™ was used for the DNA extraction (Zymo Research Corporation, USA) 

according to the manufacturers' instructions and protocols. The genomic DNA extraction 

procedures were carried out at room temperature (15 to 30OC), and the eluted DNA were 

assessed for purity using electrophoresis on 1.0% agarose gel with 0.1 µg/ml ethidium bromide 

solution running at 80 V for 60 mins, using tris acetate EDTA (TAE) as the Electrophoresis 

buffer which allowed visual monitoring of the electrophoresis and migration of DNA in the gel. 

The gel was viewed under ultraviolet (UV) light using Bio-Rad Universal Hood II Gel Doc XR 

System, and the results were recorded to determine the success of the extraction process.  After 

the DNA templates were further quantified using a Nanodrop spectrophotometer (Nanodrop 

2000, Thermo Scientific, Japan) then, samples were ready for DNA amplification (16S rDNA) 

using the PCR technique.  

Polymerase chain reaction (PCR) were prepared using the PCR master mix and 16S rRNA 

universal primers (primer1 0.5 µl forward 27F (5′–3′: AGA GTT TGA TCC TGG CTC AG), 

and primer2 0.5 µl reverse 1492R (5′–3′: ACG GCT ACC TTG TTA CGA CTT), and DNA 

samples (2 µl), the reaction amounted to 25µl in each tube. The PCR reactions were performed 

using MJ Mini thermal cycler (Bio-Rad, Hercules, CA, USA), and the conditions were 

described in Chapter Four, section 4.4.1.  The amplicons were assessed by running the PCR 

samples on 1% agarose gel electrophoresis (with ethidium bromide solution and 100 base pair 
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marker) at 80 volts for 1 hr, and the gel was viewed using the Gel Doc imager (Bio-Rad). PCR 

products were sent to Inqaba Biotechnical Industries (Pty) Ltd in Pretoria, South Africa, for 

purification and Sanger sequencing using 16S universal primers (907R (5′–3′: 

CCGTCAATTCMTTTRAGTTT). The sequencing of the PCR products determines the 

nucleotide order of a given DNA fragment. The sequences of the 16S rRNA region obtained 

were edited using Bio-Edit software, and the edited sequences were copied in a Fasta format 

for blasting. Blasting was done on National Centre for Biotechnology Information (NCBI) 

website. Blasting was to check and compare the sequences with those on the GenBank 

database. All the procedures followed are described in Chapter Four, section 4.4.1, 4.4.2, and 

4.4.3. 

6.5 Culture Independent and High-throughput Metagenomic Sequencing Analyses 
 

6.5.1 DNA Extraction, Library Preparation, and Sequencing 
 

Metagenomics analysis was conducted to determine the diversity composition of both 

cultivable and uncultivable dominant microbial diversity direct from the treatment and control 

experiments samples. The instrument used for metagenomic analysis was the Illumina MiSeq 

system, as shown in Chapter Four, Figure 4.2, which takes about 96 or more samples, and for 

identification purposes, samples were labelled and coded. Samples from this experiment and 

other samples were prepared and sequenced simultaneously. The composite samples from this 

experiment were coded Wet treatment formulation (Treatment-1) = U1, Air-dry treatment 

formulation (Treatment-2) = U2, freeze-dry treatment formulation (Treatment-3) = U3, Liquid 

culture treatment, first set (Treatment-4-6) = U4, Liquid culture treatment, second set amended 

with 1% Tween 80 (Treatment-7-9) = U5, and control experiments but no bacteria formulation 

= U6. The samples from the treatments 1-3 were collected randomly and homogenized, then 

15g was suspended in 50 ml phosphate buffered saline (PBS) overnight, and centrifuged at 
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12,000 rpm for 5 mins/4oC.  Samples from the liquid culture treatments were also centrifuged 

at 12,000 rpm for 5 mins/4oC. Their supernatants were subjected to total DNA extraction using 

the Quick gDNA Extraction Kit™ (Zymo Research Corporation, USA) according to the 

manufacturer's protocol and instruction described in Chapter Four, section 4.4. The extracted 

DNA was assessed for purity on 1.0% agarose gel with ethidium bromide solution. Then 

samples were further quantified using a NanoDrop spectrophotometer (NanoDrop 2000, 

Thermo Scientific, Japan). The extracted DNA having A260: A280 ratios between 1.8–2.0 and 

DNA concentrations of 20–150 ng/μL were used for downstream library preparation, PCR, and 

sequencing on Illumina MiSeq 250 platform with v3 chemistry (2x300 cycles kit) (Illumina 

Inc., San Diego, CA, USA) as described in Chapter Four section 4.6.1 (Figure 4.2). 

6.5.2 Bioinformatic Analysis 
 

The raw sequences generated by MiSeq were cleaned and filtered by size and quality using 

ngsShoRT (next-generation sequencing Short Reads) trimmer (Chen et al., 2014) and Mothur 

v1.25 software (Schloss et al., 2009). Quality filtered non-chimeric sequence reads were used 

for closed-reference picking and taxonomy assignation of Operational Taxonomic Units 

(OTUs) based on the SILVA SSU database release 132 (https://www.arb-

silva.de/download/arb-files/), with the similarity threshold set at 0.97. The dominant OTUs at 

different taxonomic levels were used to generate stacked bar charts and heatmap using ggplot2 

and heatmap.2 packages in R version 3.6.1 (R Core Team, 2019), to visualize the variations 

and distributions of bacterial communities. Alpha diversity indices were calculated at the 

genetic distance of 0.03 using the plot-richness function of phyloseq (McMurdie & Holmes, 

2013). β-diversity based Bray-Curtis dissimilarity distance and canonical correspondence 

analysis (CCA) to visualize the community relationships between and within each 

treatment/control experiment performed using phyloseq (McMurdie & Holmes, 2013). A 

pairwise distance matrix (Euclidean distance matrix) were formed from the curated aligned 
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datasets into Operational Taxonomic Units (OTUs) at a sequence resemblance of 97% for 

species intensity classification. For BLAST analysis, significant bacterial OTUs were used to 

equate the distinctiveness utilizing the NCBI-BLAST tool73. The nucleotide sequence data of 

the closest known species for the significant OTUs were recovered from the NCBI GenBank, 

and phylogenetic analysis was done using Molecular Evolutionary Genetics Analysis v7 

(MEGA7) software. The 16S rRNA gene was used for multiple sequence alignment by the 

CLUSTAL_X program. The maximum-Likelihood algorithm was employed to construct a 

phylogenetic tree. Bootstrap analysis was performed employing 1,000 replicate data sets to 

evaluate the confidence limits of the branching. Nonparametric diversity indices, including the 

Shannon–Weaver index and the Chao1 richness estimator, were calculated at the genetic 

distance of 0.03 to measure bacterial species' diversity among the data sets. Values of the 

relative abundance of each taxon within the community were compared by the number of 

sequences assigned to a specific taxon against the number of total sequences obtained for that 

sample. The identified dominant OTUs at genus level were used to generate a heat map to 

visualize the variations of bacteria community structure and distribution in treatment samples.  

6.6 Determination of Toxicity of Treated Soil-Oil Sludge Mixture (SSM) on Sweet Bell 
Pepper Plant (Capsicum Annuum).  
 

After 90 days of treatment, the treated soil-oil sludge mixture was tested on sweet bell pepper 

plants in the greenhouse to determine whether they were safe for disposal in the environment. 

The test was also done with crude-oil sludge that was not treated with the active bacterial 

formulation (ABF) to compared their effect on sweet bell pepper plants.   

The sweet bell pepper plant (Capsicum Annuum) is an edible perennial tropical crop that takes 

90 – 100 days from planting to mature (anthesis) and produce fruits (Ashilenje, 2013; Vidigal 

et al., 2011). This plant was chosen as a bioindicator for this toxicity test because of the rapid 
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structural changes it exhibits, thus, it is easy to note changes on the plant caused by the toxic 

effects of environmental changes and contaminants such as PAH accumulation (Tadesse, 1997;  

Raimi, 2017). The sweet bell pepper plant is not new for phytoremediation experiments. It has 

been used for bioremediation studies on crude oil contaminated soil by Raimi (2017). 

Excitingly, the plant grew on crude oil contaminated soil with an alternate supply of nutrients 

and has been recommended for phytoextraction experiments. The sweet bell pepper plant has 

a shallow, extensive, widely branched, fibrous large-surface area roots system with a few tap 

roots penetrating deep for growth and development (Gough, 2001; Raimi, 2017). The root can 

fix nitrogen and may take up PAHs in the process. As a garden plant, it is also essential to 

evaluate its response to toxicity test and phytoextraction ability in case of pollution transfer 

through the food chain via the fruit. 

6.6.1 Experimental Procedure 
 

Certified seeds of sweet bell pepper from the Horticulture Department, University of South 

Africa that had been soaked in water for 2 hr and dried were planted in loamy soil in trays 

containing 90 cells and allowed to germinate over a ten-day period in the nursery. The seedlings 

were kept in the shade for 6 weeks. Before transplanting, the plants were exposed to full light 

for about 48 hr to acclimatize to light and daytime (24±3OC) and nighttime (20±3OC) 

temperatures. The soil used for transplanting was a commercial potting mix of compost and 

garden soil in a ratio of 1:1. The mixture was to maintain soil moisture and temperature in plant 

pots during planting and soil pH at 6.8. After mixing, 2 kg of the potting mix soil was measured 

into each 2 litres pots with bottom holes for drainage. The pot was then placed in the greenhouse 

for 24 hr. One healthy sweet bell pepper plant was then transplanted into each pot for growth 

and stability before treatment (Figure 6.2). The nutrient added for growth and stability was the 

Multifeed classic 19:8:16 (43), which was applied by mixing 10 g (2 measuring spoon) in 10 

litres of water in a watering can and was used to water the plants every 2 weeks (Group, 2014). 
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Figure 6.2.  Sweet bell pepper plants in pots for the treatment. 

 

6.6.2 Application of treated soil-oil sludge mixtures on sweet bell pepper plants 
 

The characteristics of the oil sludge used is shown in (Table 6.1) which included: 98.4 mg.kg-

1 naphthalene; 6.2 mg.kg-1 acenaphthylene; 9.3 mg.kg-1 acenaphthene; 27.4 mg.kg-1 fluorene; 

15.3 mg.kg-1 phenanthrene; 42.4 mg.kg-1 anthracene; 2.4 mg.kg-1 fluoranthene; 14.2 mg.kg-1 

pyrene; 4.4 mg.kg-1  benzo[a]anthracene; 55.4 mg.kg-1 chrysene; 24.4 mg.kg-1 
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benzo[b]fluoranthene; 2.9 mg.kg-1 benzo[k]fluoranthene; 10.4 mg.kg-1 benzo[a]pyrene; 5.3 

mg.kg-1  perylene; 10.2 mg.kg-1 indenol(1,2,3-cd)pyrene; 12.4 mg.kg-1 dibenzo[a,h]anthracene; 

9.4 mg.kg-1 benzo[ghi]perylene; and 3.9 mg.kg-1 benzo[e]acephenathrylene.  

A composite mix of treated SSM-ABF from treatments 1-3 was used in this toxicity test 

because there was no significant difference in the results obtained in the characteristics and 

residual concentrations of SSM-ABF1/SSM-ABF2/SSM-ABF3 (Treatment 1-3) as shown in 

Table 6.1. Therefore, to save cost, a composite mixture was used in this toxicity test experiment 

on sweet bell plant.  

The composite mix of SSM-ABF1/SSM-ABF2/SSM-ABF3 (Treatment 1-3) in its residual 

concentration and composition as characterized in this study (Table 6.1) included: 0.76 mg.kg-

1 acenaphthylene; 0.42 mg.kg-1 acenaphthene; 0.68 mg.kg-1 fluorene; 1.85 mg.kg-1 

phenanthrene; 0.39 mg.kg-1 fluoranthene; 0.06 mg.kg-1 pyrene; 2.12 mg.kg-1  

benzo[a]anthracene; 0.44 mg.kg-1 chrysene; 2.10 mg.kg-1 benzo[b]fluoranthene; 1.26 mg.kg-1 

benzo[k]fluoranthene; 3.66 mg.kg-1 benzo[a]pyrene; 3.34 mg.kg-1  perylene; 0.90 mg.kg-1 

indenol(1,2,3-cd)pyrene; 1.12 mg.kg-1 dibenzo[a,h]anthracene; 1.37 mg.kg-1 

benzo[ghi]perylene, while naphthalene, anthracene and benzo[e]acephenathrylene was not in 

this composite application because they were completely degraded in the treatment piles (not 

detected = ND), after 90 days (Table 6.1).  

The treated soil-oil sludge mixture from treatments 1-3 and untreated crude oil sludge was 

applied on the sweet bell pepper plants after 4 weeks of transplanting from nursery to treatment 

pots, as shown in Figures 6.3 and 6.4. Figure 6.3 is the toxicity test application at day 0, A = 

healthy sweet bell pepper before the amendment of crude oil sludge, B = untreated crude oil 

sludge applied on sweet bell pepper plants, C = treated soil-oil sludge mixture/formulation 

applied on sweet bell pepper plants, D = plant control of Sweet bell peppers no amendment. 
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While Figure 6.4 shows the toxicity test application after 30 days, the early stage of the 

amendment, A = untreated crude oil sludge applied on sweet bell pepper plants, B = treated 

soil-oil sludge mixture/formulation applied on sweet bell pepper plants, C = plant control of 

Sweet bell peppers no amendment. Plant growth and developments were monitored until 

maturity and fruiting. Plants were watered two times a day manually using a watering-can to 

avoid water stress from the beginning, during transplanting to the end of 90 days of the 

experiment. After 90 days, a destructive sampling method was used for sample collection. 

Then, each sample of the roots, stems, leaves, and fruits was washed with distilled water, oven-

dried at 70OC until they were thoroughly dried, samples were grinded using mortar and pestle, 

then, they were analysed for PAHs-residual-concentration as described above in section 6.3.2 

and Chapter Three sections 3.2.8, 3.2.8.1. and 3.2.8.2. 

 

 

A 
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Figure 6.3 The toxicity test application. (A). Healthy sweet bell pepper before the amendment 
of crude oil sludge (B). Untreated crude oil sludge applied on sweet bell pepper (C) Treated 
soil-oil sludge mixture/formulation applied on sweet bell pepper (D) Plant control of Sweet 
bell pepper no amendment. 

 

 

 

D 
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Figure 6.4 The toxicity test application after 30 days. (A). Untreated crude oil sludge applied 
on sweet bell pepper (B) Treated soil-oil sludge mixture/formulation applied on sweet bell 
pepper (C) Plant control of Sweet bell pepper no amendment. 

 

6.7 Results and Discussion 
 

It is important to note that the active bacterial formulation (ABF) was applied to degrade crude 

oil waste sludge after standing for 120 days in storage with an estimated CFU/ml of 9.2x107 

for Wet-set (ABF-1), 14.3x107 for Air-dry set (ABF-2), and 2.5x107 for Freeze-dry set (ABF-

3), as obtained by the viability test described in Chapter Five. At 120 days in storage, the 

formulations were still viable, although a decrease in population was observed as storage time 

progressed. The decrease in cell count (CFU/ml) during storage suggests that the formulations 

should be used when it is freshly prepared or not longer than 90 days in storage, as the shelf 

life and viability of the bacterial cells in the formulations was within 30-90 days during storage 

as observed by the viability test results described in Chapter Five. At that period (30-90 days) 

cells are anticipated to be metabolically viable, as the decrease in cell count (CFU/ml) could 

C 

The fruits 
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be the effect of a long storage period, which in this experiment prompted the application of the 

ABF after 120 days in storage. Thus, prolonged storage would not be favourable, but 

discouraged in order to achieve improved bioremediation and to minimize contamination that 

would affect bacteria cell's shelf life and viability. 

6.7.1 Changes in Physicochemical Conditions During Treatments 
 

The crude oil waste sludge characteristics before the treatments showed that 18 PAHs of both 

low and high molecular weight types were present in substantial quantities, and the dilution 

factors were considered in calculating all the initial concentrations of the PAHs shown in 

Chapter Three (Table 3.3). It also showed that there are more of HMW-PAHs than LMW-

PAHs in the crude oil sludge used in this experiment, making it a recalcitrant contaminant in 

the environment. The recalcitrancy of crude oil sludge in the environments is generally because 

of their stable molecular bonds, high content of HMW-PAHs, hydrophobicity, and 

comparatively low solubility in water. As a result, their degradation is slow, and bioavailability 

declines more during aging, making them persistent pollutants (Arce-Ortega et al., 2004; Srogi, 

2007; Bueno-Montes et al., 2011; Ortega-Calvo et al., 2013; Sopeña et al., 2014; Adedapo, 

2017; Alegbeleye et al., 2017; Ren et al., 2018; Ren et al., 2018). These crude oil waste sludge 

characteristics have drawn much attention and caused human concern because of their effects 

on exposure to human health and their contribution to environmental pollution. Several studies 

of hydrocarbon biodegradation experiments have been reported to be successful to a great 

extent, particularly those of weathered contamination of crude oil, however, it should be noted 

that crude oil waste sludge has been inhibitory to microbial growth and not amenable to 

biodegradation because of the high content of HMW-PAHs (Sherry et al., 2014). This high 

level of HMW-PAHs in crude oil sludge presents an excellent opportunity for this study to 

understand further the potentials and efficacy of the active bacteria formulations (ABF) to 

degrade crude oil sludge.   
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The characteristics of the garden soil used in this experiment showed that the moisture content 

was 9.52%, dry matter content = 90.48%, and water holding capacity = 32.62% and its C: N: 

P ratios as described in Chapter Three/Table 3.2. The soil sample was sandy loam, as revealed 

by the properties. It is abundant in nutrients essential for plant growth and excellent microbial 

activities, it has adequate minerals, organic matter that enhances soil structure and soil moisture 

retention, as shown by its characteristics. Many microorganisms could be found in this soil 

sample because most biological soil activities occur in this type of soil sample (Series, 2009; 

Ubani & Atagana, 2018). The nutrients variation ratio caused by crude oil sludge as the carbon 

source affects the extent of PAH degradation (Ubani, 2012). In this study, the nutrients and 

microorganisms from soil were helpful in the biodegradation of crude oil sludge. For instance, 

nutrients such as nitrogen and phosphorus stimulate microbial growth and enhance the 

utilization of the contaminant hydrocarbon in the treatments (Ubani, 2012). Nitrogen is 

required for cellular protein and cell wall formation, and phosphorus is essential for nucleic 

acids, cell membrane, and ATP formation (Ubani, 2012). Thus, the soil provided most of these 

elements required for the active growth and metabolic activities of the hydrocarbon-degrading 

bacteria. However, in this experiment, nitrogen content was introduced from the soil as well as 

corncob powder, according to the results obtained from the characterization of the soil and 

corncob powder shown in Table 3.2 of Chapter Three and Figure 5.5/Table 5.4 of Chapter Five. 

High nitrogen concentration is essential to stimulate microbial activities that may expedite 

effective biodegradation (Ubani, 2012). However, the C: N ratios in different treatments were 

expected to change with time as the incubation period proceeds because the C: N ratio in the 

treatments may rise or decline depending on the microbial activities or due to the release of 

ammonia.  

The treatment mixtures were incubated at room temperature for 90 days. Increase in 

temperatures was observed in all the treatments amended with active bacteria formulation (of 
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either the wet/ABF-1 = Treatment-1, air-dry/ABF-2 = Treatment-2 and freeze-dry/ABF-3 = 

Treatment-3), including the control experiment, which contained no active bacteria formulation 

(ABF), only soil-crude oil sludge mixture (SSM) and corncob powder. Changes in temperature 

observed were 22OC - 28.3OC in Treatment-1, 22.5-25.2OC in Treatment-2, and 22-24OC in 

Treatment-3. In contrast, the control treatment was 22OC - 23OC during 90 days of treatment. 

The highest temperature observed was 28.3OC on day 60 in Treatment-1, and the control 

treatment, which had no active bacteria formulation (ABF) amendment, was the lowest 23OC 

during the treatment period. The increase in temperature observed was anticipated to positively 

affect the remediation of hydrocarbons within the treatment mixtures, as increased 

temperatures affect the solubility of the organic compounds and enhance their bioavailability 

and bioremediation (Ubani & Atagana, 2018). On the other hand, low temperatures impede 

microbial growth and proliferation (Ubani & Atagana, 2018) and reduce the bioavailability and 

consequently biodegradation of the target contaminants. In the treatment mixtures, the nitrogen 

content may have helped stimulate microbial growth and activities that led to an increase in 

temperatures observed in the treatments because nitrogen is essential to stimulate microbial 

activities that may expedite effective biodegradation (Ubani, 2012).  

The moisture levels were stable at 44% in all treatments during the experiment. The stability 

in moisture levels observed could be because moisture was trapped and retained on the lids of 

the PVC troughs, which dripped back into the treatment systems. The control experiment 

moisture level was at 40% during the treatment period. Essentially, moisture boosts microbial 

growth, and their activities are maintained at their optimum at adequate moisture levels, and 

then degradation of the target contaminants is enhanced during the treatment period. Since 

moisture is required for bacterial activities, distilled water was added to the treatment systems 

when necessary, but avoiding excess water because excess water may result in an anoxic 

condition in the treatment system affecting the moisture level, which may influence and impede 
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the rate of crude oil sludge biodegradation (Ubani, 2012). Furthermore, it is also significant to 

note that optimal moisture levels for petroleum hydrocarbons biodegradation vary depending 

on soil type, and adequate moisture level is required for bacteria's physiological needs, 

transporting nutrients, metabolic by-products in and out of the bacterial cell walls, and estimate 

the oxygen level in the treatment systems (Ubani, 2012). 

The pH level in all treatments (1-3) increased from 5.6-7.4 in Treatment-1, 5.6-7.3 in 

Treatment-2, 5.6 -7.6 in Treatment-3, and 5.6-6.8 in the control experiment, respectively. A 

decrease was observed on day 45 in all treatments, including the control, and a slight increase 

was observed on day 60 in all treatments. The highest pH increase was 7.6 in Treatment-3, 

while the lowest was 6.8 in the control experiment. Biodegradation of organic contaminants 

has been reported to be fast at neutral or near-neutral pH (6.9 or 7) because bacteria growth and 

activities are more favourable at such pH levels (6.9 or 7) (Ubani, 2012). The fluctuations 

observed in pH levels during the treatments eventually stabilized with little fluctuation towards 

the end of the treatment period. The pH values observed in these treatments were within the 

recommended pH range for composting organic compounds. The fluctuations in pH observed 

may have resulted from microbial activities that released metabolites and other products that 

have acidic or alkaline pH effect on the treatments during the microbial utilization of nutrients 

from the soil, corncob, and the degradation of crude oil sludge components, according to Fava 

& Piccolo, (2002), and Ubani & Atagana, (2018). Furthermore, pH values affect the solubility, 

bioavailability, and chemical forms of nutrients such as N and P as well as the hydrogen and 

hydroxyl ions of the treatment system. Also, pH influences the presence of metals because the 

solubility of some metals declines at pH higher than 7; thus, their toxic effects on degrading 

bacteria that may inhibit their growth and activities are also reduced (Ubani, 2012).  In this 

study, the near-neutral pH values showed that metals introduced via the soil and corncob 

powder did not impose oxidative stress on the degrading bacteria. Thus, inhibition of crude oil 



319 
 

sludge biodegradation through interaction with enzymes involved in the biodegradation did not 

occur. Instead, the results obtained from changes in pH values showed that microbial activities 

and the breakdown of PAHs present in crude oil sludge were enhanced, which may have caused 

depletion of nutrients such as nitrogen in the treatment system.  

The respiration rate was used to monitor microbial activities during the treatment period 

(Mahmoud, 2004). An increase was observed in all the treatments. Changes in CO2 evolution 

observed in microgram/dry wet/day (µg/dwt/day) in the treatments were recorded as follows, in 

Treatment-1 ranged from 4.6±0.01 initial to 18.7±0.12, Treatment-2 ranged from initial 

2.3±0.10 to 17.1±0.13, and Treatment-3 ranged from 2.1±0.1 initial to 16.3±0.15. In contrast, 

the control treatment ranged from 0.9±0.1 initial to 6.5±0.24 during the 90 days of treatment. 

The highest CO2 evolution observed was 18.7±0.12 µg/dwt/day at day 60 in Treatment-1. The 

increase observed in the respiration experiment shows an increase in microbial activities due 

to the utilization of substrates (nutrients and hydrocarbons) by bacteria. Carbon dioxide 

emission increased as the treatment proceeded in days. The carbon dioxide emission is the 

effect of oxygen consumption on the growth and activities of the degrading bacteria, indicating 

the utilization of substrates by a succession of mesophilic to thermophilic and availability of 

the target contaminants in the treatment system. Increased carbon dioxide emission also 

indicates that the co-metabolic activities of bacteria have contributed to enhancing the 

degradation of hydrocarbon contents in crude oil sludge. In this experiment, the respiration rate 

was helpful to quantify the effects of the nutrients and bacteria in the treatments.   

Most of the essential and non-essential elements contained in garden soil and corncob powder 

(Table 3.2 of Chapter Three and Figure 5.5/Table 5.4 of Chapter Five) played a vital role in 

microbial functions, growth, and activities, however, in excess, they can be toxic to bacteria. 

The moisture level, pH values, temperature, and carbon dioxide evolution results obtained in 

this experiment revealed that bacteria activities and degradation of crude oil sludge and 
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utilization of other specific substrates present in the treatments were enhanced.  It is 

significantly noted that the temperature changes, moisture level, and carbon dioxide evolution 

result obtained in this experiment is because of the size of the treatment mixtures and set-up, 

as described above in section 6.3 and Figure 6.1. (Size of the treatment mixtures = 300g of 

crude oil sludge mixed in 1 kg of soil (SSM), 500g of each active bacteria formulation inclusive 

of corncob as a bulking agent). Ash content of the treatment mixture showed no significant 

difference from the initial treatment mixture and at the end of the treatment, indicating no 

significant changes in mineral components. As such, the treatment process did not alter the 

mineral components after treatment (Irshad et al., 2013; Ubani & Atagana, 2018). Treatment-

1 ranged from 6.01± 0.30 initial to 6.04±0.20, Treatment-2 ranged from 6.04± 0.20 initial to 

6.08± 0.12, and Treatment-3 ranged from 6.10± 0.10 initial to 6.20± 0.32, while the control 

treatment ranged from 5.70± 0.50 initially to 5.80± 0.40 during 90 days of treatment. Ash mass 

(g) is the initial and end-of-the-treatment period (90 days). The values are mean of three ± 

standard error for the treatment piles.  

6.8. Reduction of Selected PAHs in Crude Oil Sludge in Soil Mixture (SSM) during 
Treatments. 

  
The developed active bacterial formulation (ABF) was applied to degrade crude oil wastes 

sludge in soil mixture (SSM) treatments. This experiment was set up in a triangular PVC with 

lids, and the treatments were incubated at room temperature for 90 days.  After 90 days of 

incubation, the residual PAH concentrations were measured by extraction using an automated 

Soxhlet extractor and quantified with GC/MSD (Sun et al., 2006; Doris & Kenneth, 2009).  

The compounds recovered were both low and high molecular weight PAHs and in their residual 

concentration as revealed by the GC/MS quantification are as follows: Naphthalene = not 

detected (ND) in all treatments but reduction in control treatment was 70.85%, Acenaphthylene 
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= 95% in all treatments and 51.93% in control treatment, Acenaphthene = 98% in all treatments 

and 55.37% in control treatment, Fluorene = 98-99% in all treatments and 59.64% in control 

treatment, Phenanthrene = 91-99% in all treatments and 53.60% in control treatment, 

Anthracene = not detected (ND) in all treatments but reduction in control treatment was 

56.04%, Fluoranthene = 94-95% in all treatments and 61.67% in control treatment, Pyrene = 

99% in all treatments and 58.17% in control treatment, Benzo[a] anthracene = 83-84% in all 

treatments and 57.72% in control treatment, Chrysene = 99% in all treatments and 65.92% in 

control treatment, Benzo[b] fluoranthene = 97% in all treatments and 60.25% in control 

treatment, Benzo[k] fluoranthene = 85% in all treatments and 44.14% in control treatment, 

Benzo[a]pyrene = 88% in all treatments and 55.29% in control treatment, Perylene = 78-79% 

in all treatments and 50.57% in control treatment, Indenol (1,2,3-cd) pyrene = 96-97% in all 

treatments and 44.71% in control treatment, Dibenzo [a,h] anthracene = 96-97% in all 

treatments and 59.84% in control treatment, Benzo [ghi] perylene = 94-95% in all treatments 

and 57.34% in control treatment, Benzo [e] acephenanthrylene = not detected (ND) in all 

treatments but reduction in control treatment was 69.74%.  In this experiment, the results 

obtained showed a reduction in selected PAHs 78.87% (Perylene) to 99.89% (Pyrene) in 

Treatment-3 and in control experiment 44.14% (Benzo[k] fluoranthene) to 70.85% 

(Naphthalene) for 90 days. The detailed percentage reduction obtained in this experiment is 

shown in Table 6. 1 below.  

6.8.1 Reduction of Selected PAHs in Crude Oil Sludge in Liquid Culture Treatments 
 

The developed active bacterial formulation was also applied to degrade crude oil wastes sludge 

in a liquid culture treatment. This experiment was set up using an Erlenmeyer flask in MSM as 

a liquid culture medium, incubated at room temperature for 90 days. After 90 days of 



322 
 

incubation, the residual PAH concentrations were measured by extraction using an automated 

Soxhlet extractor and quantified with GC/MSD (Sun et al., 2006; Doris & Kenneth, 2009).  

The compounds recovered and their residual concentration are recorded as follows: 

Naphthalene = 90-91%, Acenaphthylene = 79-83%, Acenaphthene = 87-88%, Fluorene = 88-

89%, Phenanthrene = 84-87%, Anthracene = 92-93%, Fluoranthene = 91-95%, Pyrene = 92-

93%, Benzo[a] anthracene = 88-89%, Chrysene = 92-93%, Benzo[b] fluoranthene = 84-86%, 

Benzo[k] fluoranthene = 91-96%, Benzo[a]pyrene = 88-90%, Perylene = 77-80, Indenol (1,2,3-

cd) pyrene = 91-94%, Dibenzo [a,h] anthracene = 86-91%, Benzo [ghi] perylene = 90-92% in 

all treatments, but, Benzo [e] acephenanthrylene = was not detected (ND) in all treatments.  In 

this experiment, the results obtained showed a reduction in selected PAHs from 77.36% 

(Perylene) to 96.55% (Benzo[k] fluoranthene) in Treatment-9 for 90 days. This experiment set 

was prepared to evaluate the behaviour and capability of the immobilized bacterial cells in the 

aqueous medium to degrade crude oil sludge because usually waterlogging may promote 

anoxic conditions, thereby reducing aerobic bioremediation efficiency. Also, to determine the 

effect of surfactants-(Tween 80) on the biodegradation of crude oil sludge (PAH) in the 

aqueous medium. Since surfactants are designed with solubility properties while promoting the 

contaminant's remediation by making them bioavailable to microorganisms, there was no 

significant difference in residual values of PAHs obtained between liquid culture treatment 

amended with Tween 80 and that without Tween 80 amendments. The results suggest that 

waterlogging did not promote anoxic conditions that reduce aerobic bioremediation efficiency 

and surfactant (Tween 80) designed with solubility properties which were anticipated to make 

components (metabolites) of crude oil sludge available to microorganisms that may promote 

bioremediation of the contaminant had no significant effect in the treatments. Possibly, 

properties of surfactants-Tween 80 had no significant effect according to the results obtained, 

neither did the toxic effect of Tween 80 hinder the biodegradation of crude oil sludge in this 



323 
 

experiment. As noted, in most cases, surfactants exhibit some negative effects on the 

biodegradation of crude oil sludge (PAHs) due to either the toxic surfactant effect on the 

degrading bacteria or surfactants compete with PAHs for substrate utilization. Thus, negatively 

affect the PAH biodegradation, as bacteria use the surfactants as the source of carbon and 

energy in the process instead of targeted crude oil sludge (Cameotra & Singh, 2008). The 

addition of surfactant did not enhance the removal of PAHs in this experiment as recorded. The 

detailed percentage reduction obtained in this experiment is shown in Table 6. 2 below, and all 

the PAHs mentioned above were identified and quantified using GC/MSD, and this analysis 

was calculated using the mean value of three duplicates for each sample. The results obtained 

indicate that diverse microbial populations with specialized capabilities to degrade crude oil 

sludge (PAHs) were stimulated in all treatment systems (Meintanis et al., 2006; Bamforth et 

al., 2011). These bacteria strains present in the treated samples were revealed to have actively 

utilized the PAHs as their specific carbon or substrate sources, as indicated in the residual 

concentrations obtained at the end of 90 days of treatment.  Parameters measured in all 

treatments attributed to the degradation of PAHs. The changes in temperature, respiration 

experiments, and pH value indicates that microbial activities in all treatments were enhanced, 

and microorganisms thrived in the treatment conditions for the solubility and utilization of 

crude oil sludge (PAHs) substrates (nutrients and hydrocarbon metabolites), which had a 

positive effect on the degradation of PAHs (Sarika, 2015; Ubani & Atagana, 2018; Kaur, 2019). 

These result inTable 6.1 and 6.2 is similar to those reported in bioremediation of crude oil 

sludge supported by many other studies, which suggests the existence of diverse, and active 

bacterial community capable of utilizing crude oil sludge (PAHs) in the experiments (Katsivela 

et al.,  2005; Shahriari et al., 2014; Xu et al., 2016).  

 

 



324 
 

Table 6.1 The average final reduction of selected PAHs in crude oil sludge for Treatments 1-3 
and a Control without ABF after 90 days of treatment. Values are mean of three ± standard 
error for the treatment piles. 

§ The number of benzene rings in different PAHs is given in the bracket. 
† Percent degradation of each PAH under different treatments is provided in the bracket† 

 

 

 

Selected PAHs in Crude Oil 
sludge§ 

Initial Conc. 
mg.kg-1 

Residual concentration (mg.kg-1) and % reduction † 

Treatment-1 Treatment-
2 

Treatments
-3 

Control 
Expt. 

Naphthalene (2) 98.4±6.0 0 
(100) 

0 
(100) 

0 
(100) 

28.68±0.12 
(70.85) 

Acenaphthylene (3) 6.2±0.6 0.27±0.04 
(95.65) 

0.26±0.36 
(95.81) 

0.26±0.18 
(95.81) 

2.98±0.07 
(51.93) 

Acenaphthene (3) 9.3±1.2 0.13±0.04 
(98.60) 

0.13±0.10 
(98.60) 

0.16±0.08 
(98.28) 

4.15±0.03 
(55.37) 

Fluorene (3) 27.4±2.1 0.14±0.00 
(99.49) 

0.24±0.01 
(99.12) 

0.30±0.10 
(98.91) 

11.06±0.10 
(59.64) 

Phenanthrene (3) 15.3±1.8 1.32±0.06 
(91.37) 

0.06±0.02 
(99.61) 

0.47±0.12 
(96.93) 

7.10±0.42 
(53.60) 

Anthracene (3) 42.4±4.4 0 
(100) 

0 
(100) 

0 
(100) 

18.64±0.06 
(56.04) 

Fluoranthene (4) 2.4±0.4 0.14±0.08 
(94.16) 

0.13±0.68 
(94.58) 

0.12±0.24 
(95.00) 

0.92±0.02 
(61.67) 

Pyrene (4) 14.2±1.2 0.02±0.00 
(99.86) 

0.02±0.00 
(99.86) 

0.02±0.00 
(99.89) 

5.94±0.08 
(58.17) 

Benzo [a] anthracene (4) 4.4±1.4 0.70±0.03 
(84.09) 

0.71±0.86 
(83.86) 

0.71±0.44 
(83.86) 

1.86±0.00 
(57.72) 

Chrysene (4) 55.4±0.2 0.18±0.10 
(99.68) 

0.16±0.00 
(99.71) 

0.10±0.00 
(99.82) 

18.88±0.04 
(65.92) 

Benzo [b] fluoranthene (5) 24.4±1.6 0.69±0.02 
(97.17) 

0.71±0.45 
(97.09) 

0.70±0.09 
(97.13) 

9.70±0.35 
(60.25) 

Benzo [k] fluoranthene (5) 2.9±0.3 0.43±0.00 
(85.17) 

0.41±0.90 
(85.86) 

0.42±0.00 
(85.52) 

1.62±0.12 
(44.14) 

Benzo[a]pyrene (5) 10.4±1.6 1.21±0.34 
(88.37) 

1.22±0.64 
(88.27) 

1.23±0.36 
(88.17) 

4.65±0.03 
(55.29) 

Perylene (5) 5.3±1.0 1.11±0.26 
(79.06) 

1.11±0.06 
(79.06) 

1.12±0.60 
(78.87) 

2.62±0.01 
(50.57) 

Indenol [1,2,3-cd] pyrene (6) 10.2±2.6 0.26±0.04 
(97.45) 

0.28±0.18 
(97.26) 

0.36±0.22 
(96.47) 

5.64±.070 
(44.71) 

Dibenzo [a,h] anthracene (5) 12.4±1.4 0.38±0.00 
(96.94) 

0.37±0.20 
(97.02) 

0.37±0.00 
(97.02) 

4.98±0.24 
(59.84) 

Benzo [ghi] perylene (6) 9.4±1.0 0.44±0.80 
(95.32) 

0.48±0.56 
(94.89) 

0.45±0.42 
(95.21) 

4.01±0.04 
(57.34) 

Benzo [e] acephenanthrylene (5) 3.9±0.1 0 
(100) 

0 
(100) 

0 
(100) 

1.18±0.00 
(69.74) 
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Table 6.2 The average final reduction of selected PAHs in crude oil sludge for Treatments 4-9 
after 90 days of treatment. Values are mean of three ± standard error for the liquid cultures' 
treatments  

§ The number of benzene rings in different PAHs is given in the bracket. 
† Percent degradation of each PAH under different treatments is provided in the bracket† 

 

 

 

Selected PAHs in Crude 
Oil sludge§ 

Initial 
Conc. 

mg.kg-1 

Residual concentration (mg.kg-1) and % reduction † 
Treatment-
4 

Treatment-
5 

Treatment
-6 

Treatment
-7 

Treatment-
8 

Treatment-
9 

Naphthalene (2) 98.4±6.0 9.10±0.30 
(90.75) 

8.01±0.01 
(91.86) 

7.90±0.10 
(91.97) 

9.01±0.01 
(90.84) 

9.02±0.08 
(90.83) 

9.12±0.24 
(90.73) 

Acenaphthylene (3) 6.2±0.6 1.27±0.12 
(79.60) 

1.02±0.20 
(83.55) 

1.01±0.00 
(83.71) 

1.31±0.30 
(78.87) 

1.04±0.02 
(83.23) 

1.06±0.30 
(82.90) 

Acenaphthene (3) 9.3±1.2 1.13±0.04 
(87.85) 

1.10±0.88 
(88.17) 

1.11±0.03 
(88.06) 

1.12±0.20 
(87.96) 

1.11±0.03 
(88.07) 

1.10±0.12 
(88.17) 

Fluorene (3) 27.4±2.1 3.14±0.04 
(88.54) 

3.04±0.02 
(88.91) 

2.98±0.04 
(89.12) 

3.10±0.00 
(88.69) 

3.02±0.20 
(88.98) 

2.98±0.42 
(89.12) 

Phenanthrene (3) 15.3±1.8 2.32±0.22 
(84.84) 

2.02±0.01 
(86.80) 

1.86±0.08 
(87.84) 

2.31±0.32 
(84.90) 

2.20±0.10 
(85.62) 

2.10±0.26 
(86.28) 

Anthracene (3) 42.4±4.4 3.12±0.00 
(92.64) 

3.01±0.04 
(92.90) 

3.10±0.20 
(92.69) 

3.10±0.45 
(92.69) 

3.10±0.42 
(92.69) 

2.95±0.05 
(93.04) 

Fluoranthene (4) 2.4±0.4 0.14±0.02 
(94.17) 

0.12±0.03 
(95.00) 

0.10±0.05 
(95.83) 

0.12±0.00 
(95.00) 

0.10±0.38 
(95.83) 

0.20±0.25 
(91.67) 

Pyrene (4) 14.2±1.2 1.02±0.20 
(92.82) 

1.10±0.05 
(92.25) 

0.98±0.54 
(93.10) 

1.01±0.64 
(92.89) 

1.01±0.29 
(92.89) 

1.10±0.06 
(92.25) 

Benzo [a] anthracene (4) 4.4±1.4 0.51±0.01 
(88.41) 

0.48±0.24 
(89.09) 

0.51±0.25 
(88.41) 

0.48±0.24 
(89.09) 

0.51±0.44 
(88.41) 

0.49±0.68 
(88.86) 

Chrysene (4) 55.4±0.2 3.81±0.00 
(93.12) 

3.64±0.43 
(93.43) 

3.94±0.00 
(92.89) 

4.01±0.01 
(92.76) 

3.59±0.25 
(93.52) 

3.86±0.05 
(93.03) 

Benzo [b] fluoranthene (5) 24.4±1.6 3.69±0.08 
(84.88) 

3.47±0.00 
(85.78) 

3.54±0.06 
(85.49) 

3.71±0.35 
(84.80) 

3.51±0.00 
(85.62) 

3.40±0.02 
(86.07) 

Benzo [k] fluoranthene (5) 2.9±0.3 0.25±0.16 
(91.38) 

0.15±0.05 
(94.83) 

0.12±0.01 
(95.86) 

0.24±0.02 
(91.72) 

0.20±0.15 
(93.10) 

0.10±0.00 
(96.55) 

Benzo[a]pyrene (5) 10.4±1.6 1.22±0.24 
(88.27) 

1.12±0.23 
(89.23) 

1.10±0.12 
(89.42) 

1.02±0.26 
(90.19) 

1.10±0.24 
(89.42) 

1.01±0.07 
(90.29) 

Perylene (5) 5.3±1.0 1.08±0.04 
(79.62) 

1.04±0.04 
(80.38) 

1.02±0.10 
(80.76) 

1.04±0.64 
(80.38) 

1.02±0.06 
(80.76) 

1.20±0.03 
(77.36) 

Indenol [1,2,3-cd] pyrene 
(6) 10.2±2.6 0.86±0.03 

(91.57) 
0.66±0.30 
(93.53) 

0.71±0.03 
(93.04) 

0.68±0.04 
(93.33) 

0.71±0.34 
(93.04) 

0.61±0.00 
(94.02) 

Dibenzo [a,h] anthracene 
(5) 12.4±1.4 1.01±0.00 

(91.85) 
1.64±0.70 
(86.77) 

1.01±0.00 
(91.86) 

1.10±0.01 
(91.12) 

1.04±0.32 
(91.61) 

1.01±0.12 
(91.86) 

Benzo [ghi] perylene (6) 9.4±1.0 0.68±0.34 
(92.77) 

0.86±0.43 
(90.85) 

0.91±0.23 
(90.32) 

0.71±0.31 
(92.45) 

0.91±0.04 
(90.32) 

0.82±0.01 
(91.28) 

Benzo [e] 
 acephenanthrylene (5) 3.9±0.1 0 

(100) 
0 
(100) 

0 
(100) 

0 
(100) 

0 
(100) 

0 
(100) 
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6.9 Culture dependent microbiological analyses 
 

Identification of the active degrading bacteria community from all samples was conducted 

using the enrichment culture method and Sanger sequencing analysis of 16S rRNA genes.  

Active bacteria capable of degrading complex crude oil sludge components were isolated from 

the treatment matrix and were further identified using universal PCR amplification of 16S 

rRNA–based sequencing analysis. The obtained PCR product was sequenced following the 

sequencing protocol and standard. The sequences obtained from PCR products were edited and 

blasted in a Fasta format form on the NCBI website to identify the individual isolates.  

The bacteria identified include the following genera, Rhodococcus sp., Sphingobacterium sp., 

Actinobacteria bacterium sp., Microbacterium sp., Bacillus sp., Ochrobactrum sp., 

Burkholderia sp., Corynebacterium sp., Thiopseudomonas sp., Paenochrobactrum sp., 

Pseudochrobactrum sp., Aquamicrobium sp., Paenalcaligenes sp., Alcaligenes sp., Arcobacter 

sp., Paenibacillus sp., Brevibacterium sp., Dietzia sp., Arthrobacter sp., Streptomyces sp., 

Clostridium sp., Staphylococcus sp., Sphingomonas sp., Pseudomonas sp., Gordonia sp., 

Enterococcus sp., Brevundimonas sp., Bordetella sp., Micrococcus sp., Enterobacter sp., 

Moheibacter sp., Acinetobacter sp., Flavobacterium sp., Nocardia sp., Myroides sp., 

Altererythrobacter sp., Alcanivorax sp., Paracoccus sp., Lactobacillus sp. Bacillus pumilus, 

Bacillus subtilis, Micrococcus Luteus, Bordetella avium, Acinetobacter sp., Aquamicrobium 

defluvium, Arthrobacter sp., Brevundimonas sp., Flavobacterium sp., Nocardia sp., Myroides 

sp. The nucleotide sequences (16S rRNA) revealed that these bacteria strains belong to phyla 

Actinobacteria, Bacteroidetes, Firmicutes, and Proteobacteria with subdivision/class as 

Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria. (Albokari et al., 2015; 

Yang et al., 2016; Zdarta et al., 2016; Lu et al., 2019; Brzeszcz et al., 2020). These bacteria 

strains are capable of growing in the presence of crude oil sludge, utilizing the components as 
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their source of carbon and energy, and degrade these components via oxidation process to 

produce other intermediates that serve as a substrate to other bacteria strains (Abo-State et al., 

2018; Abo-State et al., 2018). 

6.10 Culture Independent Microbiological Analyses 
 

6.10.1 High-throughput metagenomic and Illumina sequencing 
 

This experiment also adopted a culture-independent metagenomic approach using high 

throughput sequencing of 16S rRNA genes to elucidate the nature of autochthonous microbial 

community composition in different treatments of crude oil waste sludge. Specifically, 

analyzing the effect of the developed active bacteria formulation and potential changes in 

diversity composition during biodegradation of crude oil sludge. Then, it revealed the dominant 

microbial diversity of both cultivable and uncultivable bacteria directly from the treatment 

samples. Sample codes for Illumina MiSeq analysis were explained in section 6.5.1 above. 

6.10.2 Bioinformatics and Sequence Data analyses 
 

The extracted DNA was used for downstream library preparation and sequenced on Illumina 

MiSeq 250 platform with V3 chemistry (2x300 cycles kit) (Illumina Inc., San Diego, CA, USA) 

as described by Selvarajan et al., (2019).  Thus, to determine the bacterial community 

composition present in treatment samples, the obtained raw sequence (Fastq) datasets were 

initially scrutinized for PCR artifacts and low-quality reads (reads with >50% bases having a 

quality score < 2) using ngsShoRT (next-generation sequencing short reads) trimmer as 

described by Chen et al., (2014). Following the screening process, all the sequence data sets 

were analyzed using Mothur pipeline v.1.40.0 (Schloss et al., 2009).  All protocols for 

bioinformatics and sequencing data analyses were followed according to all the descriptions in 

Chapter Four, section 4.16.1. In exploring the relationship between bacterial abundance and 
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the reduction of the selected PAHs, Canonical Correspondence Analysis (CCA) ordination 

triplot was generated using the PAST (v3.2) software package (Hammer et al., 2001). 

Following normalization, prediction of bacterial functions was performed by first removing the 

influence of the 16S marker gene copy numbers in the species genomes and obtaining KEGG 

Orthology (KO) information and KO abundance corresponding to OTUs.  The Nearest 

Sequenced Taxon Index (NSTI) value was adopted to confirm the consistency of predicted 

functional and metabolic pathways. The heatmap of the predicted relative abundances of genes 

related to different functions was generated using a heatmap.2 packages in R (v3.6.1). The 

richness of abundance in each taxon within the community was estimated by comparing the 

number of sequences assigned to a specific taxon against the number of total sequences 

obtained for that sample. The top OTUs at the genus level were used to generate a phylogenetic 

heatmap and to see the pattern of the bacterial community variation and distribution along with 

the measured reduction of the selected PAHs result is shown in Tables 6.1 and 6.2.  

6.10.3 Microbial community diversity and structure 

  
The improved NGS sequencing and its data analysis used rarefaction curves to calculate the 

bacterial diversity of OTUs in each sample at a genetic distance of 3%. In this experiment, the 

rarefaction curves for the number of OTUs are shown in Figure 6.5. It was observed to have 

reached the plateau for all the samples. Thus, in calculating sequencing coverage between 

samples, coverage values of different treatments of active bacteria formulations (SSM+ABFs) 

of either Wet (Treatment-1), Air-dry (Treatment-2), and Freeze-dry (Treatment-3) samples, 

including the control without active bacteria formulation amendment, reached a sequencing 

depth of over 15,000.  Suggesting that sequencing depth for all samples was sufficient to have 

covered almost all bacterial species that may be present in these samples. The rarefaction 

curves show that the sequencing depth curve was highest in Treatment-3 sample = U3 with 
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over 40,000, taxa confidence was also high in Treatment-3 = U3, followed by Treatment-2 = 

U2, > Treatment-1= U1, > Liquid culture treatment, first set = U4, > Liquid culture treatment, 

second set amended with 1% Tween 80 = U5. The least was control experiments sample U6, 

which had no active bacteria formulation amendment. 

 

 

Figure 6.5.  Rarefaction curves indicating the observed number of OTUs within the 16S rRNA 
gene sequences of different treatment samples. OTUs were revealed at the 3% genetic distance 
levels.  

 

6.10.4 Comparative Distribution of Bacterial Communities in All Treatment Samples 

   
The bacterial richness and diversity of different active bacteria formulation (ABFs) of either 

Wet (Treatment-1), Air-dry (Treatment-2), and Freeze-dry (Treatment-3) on the treatment of 

crude oil sludge are shown in Table 6.3, as indicated by the number of OTUs classified at 97% 

distance of amplified 16S rRNA gene sequences.  The PCR artifacts were adequately checked 
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and filtered where necessary. A total of 254,637 good reads were obtained from the different 

treatment samples, as shown in Table 6.3. The control experiments without bacteria 

formulation (sample U6) were indicated to have the highest read 58,579 and 411 OTUs, 

followed by Liquid culture treatment, first set (samples of Treatment-4-6 = U4) 53,617 and 669 

OTUs. The Air-dry treatment formulation (sample Treatment-2 = U2) was 40,995 and 1178 

OTUs, while the freeze-dry treatment formulation (sample Treatment-3 = U3) was 50,640 and 

935 OTUs. The liquid culture treatment, second set amended with 1% Tween 80, (sample 

Treatment-7-9 = U5) was 35,902 and 469 OTUs, and Wet treatment formulation (sample 

Treatment-1 = U1) was 14,904 and 577 OTUs.  The alpha diversity index was determined by 

diversity richness indices and the abundance-based coverage estimation. In contrast, Shannon 

and Simpson's indices were used to estimate the diversity of bacterial species. These indices 

also revealed that the experimental conditions significantly influenced the microbial 

community diversity (Plaizier et al., 2017; Plaizier et al., 2017). Chao1 index shows the OTU 

richness estimator revealed the lowest number of OTUs richness in the Control treatment 

sample (U6 = 411 OTUs) and the highest in the freeze-dry treatment formulation (Treatment-

3/U3 = 1178 OTUs). In addition to Chao1, the diversity index estimated by the Shannon-H 

index showed highest in the Wet treatment formulation sample (Treatment-1/U1 = 4.11) and 

lowest in the control experiments that had no bacteria formulation sample (U6= 2.23). Good's 

coverage estimators indicated that the size of libraries was enough, and according to Goods 

formula, the coverage of the samples was U1 = 99.72%, U2 = 99.90%, U3 = 99.89%, U4 = 

99.89%, U5 = 99.88%, and U6 = 99.87% which showed mainly that the dominant bacterial 

communities were covered in this experiment. A more comprehensive explanation of the data 

about the retrieved OTUs, percentage of coverage, Chao1, ACE, and Shannon indices are 

shown in Table 6.3.  
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Table 6.3 Summary of sequencing outputs and alpha diversity indices for bacterial 
communities in treatment experiments of crude oil sludge degradation using different active 
bacteria formulation (ABFs-SSM/Liquid) of either Wet-ABF-1, Air-dry-ABF-2 or Freeze-dry-
ABF-3a 

 

a U1 – Wet treatment formulation (Treatment-1); U2 – Air-dry treatment formulation (Treatment-2); U3 – freeze-
dry treatment formulation (Treatment-3); U4 – Liquid culture treatment, first set (Composites of Treatment-4-6); 
U5 - Liquid culture treatment, second set amended with 1% Tween 80 (Composites of Treatment-7-9) and U6 – 
control (U6 = sample had no active bacteria formulation).  
† Chao-1, community richness-higher number represents more richness; Shannon-H, community diversity-higher 

number represents more diversity; coverage, sampling depth; OTUs, Operational taxonomic units 
 

 

The V1-V3 region of 16S rRNA gene sequences revealed the major portion of the sequences 

of bacterial diversity in all the treatment samples and from the result obtained they were 

affiliated to top 10 phyla, 15 classes, 25 orders, 40 families and 89 genera. The taxonomic 

distribution further revealed that they were dominated by 4 phyla and they are Actinobacteria, 

>Proteobacteria, >Firmicutes, >Bacteroidetes, and minor phyla (unclassified) as shown in 

Figure 6.6a. The histogram represents the bacterial community structure and distribution at the 

phylum level showed that Actinobacteria dominated in all samples.  Furthermore, the relative 

abundance distribution of phylum Actinobacteria in all samples was U1 = 47.7%, U2 = 66.2%, 

U3 = 44%, U4 = 63.8%, U5 = 28.4% and U6 = 3.9%, Proteobacteria in all samples was U1 = 

39.6%, U2 = 29.9%, U3 = 51.7%, U4 = 35.7%, U5 = 63.4% and U6 = 7.3%,  Firmicutes in all 

samples was U1 = 10.8%, U2 = 3.4%, U3 = 0.8%, U4 = 0.4%, U5 = 8% and U6 = 88.6%, and 

the least observed phylum was the Bacteroidetes in all samples U1 = 1.9%, U2 = 0.4%, U3 = 

3.4%, U4 = 0.1%, U5 = 0.2% and U6 = 0.2% Figure 6.7. It was also observed that 

Sample 
Indices† 

Target 
reads 

OTUs ACE CHAO Shannon Simpson Phylogeneti
c Diversity 

Good's 
coverage 

(%) 
aU1 14904 577 594.00 581.39 4.11 0.06 475 99.72 
U2 50640 935 955.41 938.47 3.35 0.13 507 99.90 
U3 40995 1178 1194.96 1180.34 3.75 0.09 437 99.89 
U4 53617 669 696.86 678.17 2.60 0.23 421 99.89 
U5 35902 469 490.76 476.95 3.11 0.11 424 99.88 
U6 58579 411 458.13 436.45 2.23 0.20 493 99.87 
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Actinobacteria and Proteobacteria were unique, because the two phyla were well distributed 

in all samples, although in different proportions Figures 6.6a.    

The distribution of these phyla into different classes further revealed that they were shared into 

15 classes, top 9 classes and minor, with relative abundance of Actinobacteria_c being the 

highest in all samples, followed by class Alphaproteobacteria, >Bacilli, > 

Gammaproteobcateria, > Clostridia, > Betaproteobacteria, > Flavobacteria, > 

Epsilonproteobacteria, > Sphingobacteria Figure 6.6b. The taxonomic distribution further 

revealed that they were dominated in each samples as follows: Actinobacteria_c U1 = 47.7%, 

U2 = 66.2%, U3 = 44%, U4 = 63.8%, U5 = 28.4% and U6 = 3.9%,  Alphaproteobacteria U1 

= 21.7%, U2 = 16.7%, U3 = 11.4%, U4 = 32.4%, U5 = 34.9% and U6 = 2.5%, >Bacilli U1 = 

0.3%, U2 = 1.9%, U3 = 0.7%, U4 = 0.3%, U5 = 7.6% and U6 = 49.1%, > 

Gammaproteobcateria U1 = 2.7%, U2 = 1.1%, U3 = 32.2%, U4 = 1.3%, U5 = 24.7% and U6 

= 3.5%, > Clostridia U1 = 9.3%, U2 = 1.5%, U3 = ND, U4 = ND, U5 = ND (not detected = 

ND) and U6 = 39.4%, > Betaproteobacteria U1 = 11.8%, U2 = 9.8%, U3 = 8.2%, U4 = 1.6%, 

U5 = 3.7% and U6 = 1.2%, > Flavobacteria U1 = 0.2%, U2 = ND, U3 = 3.4%, U4 = 0.1%, U5 

= 0.1% and U6 = 0.2%, > Epsilonproteobacteria U1 = 2.6%, U2 = 2.3%, U3 = ND, U4 = 0.4%, 

U5 = 0.1% and U6 = ND, > Sphingobacteria U1 = 0.5%, U2 = 0.3%, U3 = ND, U4 = ND, U5 

= 0.1% and U6 = ND, Figure 6.8. The distribution of these classes into different Order was 

further revealed that they were shared into 25 Order and minor, with relative abundance of 

Corynebacteriales being the highest in all samples and dominated as follows U1 = 45.8%, U2 

= 65.3%, U3 = 41.6%, U4 = 63.7%, U5 = 26.4% and U6 = 3.4%, followed by Order Rhizobiales 

U1 = 19.5%, U2 = 11.2%, U3 = 10.4%, U4 = 31.8%, U5 = 32.9% and U6 = 2.2%, 

>Pseudomonadales U1 = 1.4%, U2 = 0.2%, U3 = 32.1%, U4 = 0.3%, U5 = 24.1% and U6 = 

3.3%, meanwhile the lowest Order observed was Erysipelotrichale only detected in sample U5 

= 0.2%, followed by Order Actinomycetales only detected in sample U1 = 0.1%, 
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Thermomicrobia;DQ129389_0 only detected in sample U3 = 0.1%,   and Rhodospirillales only 

detected in sample U6 = 0.1% Figure 6.9. 

 

Figure 6.6 Comparative phylogenetic taxonomic distribution from (a) phyla and (b) class level of 
bacterial communities in treatment samples with U1, U2, U3, U4, U5, and control experiments 
but no bacteria formulation = U6. 
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Figure 6.7 Heatmap shows percentage abundance in Top 4 phyla in all treatment samples 
with U1, U2, U3, U4, U5, and U6.  

 

 

Figure 6.8 Heatmap top 15 classes (phylum identity included) showing percentage abundance 
in all treatment samples U1, U2, U3, U4, U5, and U6. 
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Figure 6.9 Heatmap of top 25 order (class identity included) showing percentage abundance 
in all treatment samples U1, U2, U3, U4, U5, and U6. 
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The top 4 dominant phyla in all the treatment samples, Actinobacteria, >Proteobacteria, 

>Firmicutes, >Bacteroidetes, were further analyzed for their genera level distribution using a 

heatmap. From the result obtained, they are affiliated with 89 genera of bacterial diversity in 

all samples. They are presented into distinct clusters based on their relative taxonomic 

distribution, and grouping was done using a heatmap of the normalized abundance at the genus 

level for bacteria in six microcosm metagenomes (Figure 6.10.).  

The top 40 genera’s OTUs (Figure 6.11) in different samples were revealed in the order which 

showed that Corynebacterium sp. was the highest and was relative abundant in all the sample 

U1 = 13.8%, U2 = 7.5%, U3 = 27.5%, U4 = 57.6%, U5 = 7.4% and U6 = 2%,%, followed by 

genus Rhodococcus sp. U1 = 24.2%, U2 = 38%, U3 = 0.5%, U4 = 1.1%, U5 = 14.3% and U6 

= 0.7%, genus Thiopseudomonas sp. U1 = ND, U2 = ND, U3 = 31.7%, U4 = 0.2%, U5 = 23.9% 

and U6 = 3.2%, genus Lactobacillus sp. U1 = ND, U2 = ND, U3 = ND, U4 = ND, U5 = ND 

and only detected in U6 = 46.6%, genus Clostridium sp. U1 = ND, U2 = ND, U3 = ND, U4 = 

ND, U5 = ND and only detected in U6 = 39.2%, genus Dietzia sp. U1 = 0.9%, U2 = 14.8%, 

U3 = 13.4%, U4 = 3.7%, U5 = 3.6% and U6 = 0.6%. The genus with the least relative 

abundance was Aminobacter sp. detected only in sample U1 = 0.6%.  A detailed phylogenetic 

classification of the genera in all the samples and more information on their relative abundance 

(%) of bacterial classification across the samples is shown in Figure 6.11.  The results further 

revealed that the control experiments which had no bacteria formulation = U6 were unique 

because it harboured only two genera in relatively higher abundance (genus Lactobacillus sp. 

U6 = 46.6% and Clostridium sp. U6 = 39.2%) Figure 6.11.   
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Figure 6.10. Relative taxonomic distribution of genera and common microbiome diversity 
in treating crude oil sludge (U1, U2, U3, U4, U5, and U6). Heatmap of the normalized 
abundance at the genus level for bacteria in the six microcosm metagenomes. Colour code 
based on higher (red) or low (blue) relative abundance in metagenomes (see the scale/colour 
key on the top left = 0>5>10>).  
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Figure 6.11 Heatmap of top 40 genera (order identity included) showing percentage relative 
abundance in all treatment samples U1, U2, U3, U4, U5, and U6. 

 

The results from Figures 6.6 to 6.11 revealed that the relative abundance of genera OTUs were 

well distributed at different proportions in all samples. The difference in the relative abundance 

of bacterial diversity when compared with each treatment sample shows that the bacterial 

composition may have influenced the degradation of crude oil sludge. In comparison, the 

bacterial composition may have been influenced by the nutrients and substrates from corncobs 

powder, soil, availability of metabolites from crude oil sludge and its derivatives, and the 

influence of degrading bacteria during the treatments. These factors agree with the PAH-

reduction results, as shown in Tables 6.1 and 6.2. Indicating that the use of bacteria for the 
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degradation of crude oil sludge stands out (Ibuot & Bajhaiya, 2013) and is possible as long as 

a large population of bacteria that possess the specific degrading capabilities is present, and the 

conditions are favourable as well as adequate for their growth and activities (Das & Chandran, 

2011; Chemlal et al., 2012; Ambrazaitienė et al., 2013; Liu et al., 2014). It is important to note 

that the bacteria identified using the culture-dependent method with Sanger sequencing were 

also the same bacteria identified in all the treatment and control samples using Illumina 

amplicon sequencing (MiSeq). The difference was that Illumina amplicon sequencing (MiSeq) 

elucidated the dominant microbial diversity of both cultivable and uncultivable bacteria 

directly from treatment samples and the genera abundance was 90% out of the total in all the 

treatment samples. 

The identified genera have been reported in many studies to be isolated from the petroleum-

contaminated environment and are versatile in their capacity as individually or consortium, 

playing a significant role in biodegradation of PAH in contaminated sites (Adams et al., 2016; 

Adam et al., 2017; Sarkar et al., 2016, 2017). They mediate in the synthesis of biosurfactant, 

extracellular enzymes and fatty acids, nitrate/nitrite-reduction using a wide variety of organic 

compounds as their substrate.  Most of these genera are aerobic bacteria, positive producers of 

catalase, and oxidase, which catalyse the oxidation process, as such protect their cell (as a 

protective mechanism) from oxidation damage in any adverse environmental conditions during 

the degradation process. They also produce esterase-lipase and esterase hydrolyses esters/fatty 

acids during the degradation process via β-oxidation into a simpler substrate, making them 

available to microorganisms, even under extreme environmental conditions of low or high 

temperatures, salinities, and acidic or alkaline pH levels (Xiao et al., 2014).  

The bacterial composition and diversity must have been influenced by the complex physical 

and chemical nature of the treated samples (such as PAHs/other constituents, metals, S, N, 

cellulose, lignin, polysaccharides, disaccharides, carbon sources, and more nutrients, from 
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crude oil sludge, corncob, and soil). These factors must have significantly caused a shift in the 

richness and composition of the microbial species identified that strived to improve crude oil 

sludge bioremediation. Some bacteria strains may have phenotypically transformed or mutated 

because of the treatment system or environmental conditions present or stimulated by the nature 

and constituents of crude oil sludge, corncob, and soil in the treatment mixture using the 

organic matters as their electron acceptor during the oxidation process in the treatment piles 

for the bioremediation crude oil sludge.  According to Sarkar et al. (2016), deficiency or 

availability of required nutrients in the treatment system could activate the activities of diverse 

metabolically versatile microbial communities, which may stimulate the coexistence of 

anaerobic bacteria community with aerobic and facultative, nitrate, sulphate, and iron-reducing 

bacteria species in the same treatment system, such as observed in this treatments. Roy et al. 

(2018) reported the coexistence of different bacteria strains. It is similar to this study, indicating 

the presence of different potential bacterial community compositions for the degradation of 

crude oil sludge via a joint effort of such diverse bacteria strains that formed a functional 

consortium. These sets of bacteria are capable of thriving well with the availability of oxygen 

within the system and then form a synergy with those aerobic species as an active part of the 

community for the degradation of crude oil sludge. Their synergic relationship formed was a 

stronger metabolic community to improve bioremediation of complex crude oil sludge (Sarkar 

et al., 2016). 

Crude oil sludge is complex, and therefore its degradation requires the synergic cooperation of 

the different groups of bacteria strains that were identified in this experiment. These groups of 

bacteria strains can degrade complex crude oil sludge, long-chain aliphatic, and aromatic 

hydrocarbons into smaller hydrocarbon components with a concerted effort. The metabolites 

are then further degraded via fermentation, sulphate/nitrate-reduction (denitrification) by 
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oxidation into smaller acids, metabolites, alcohols, CO2, H2, and microorganisms could utilize 

the end-products as the substrate for growth and activities, thereby improve bioremediation.  

In this sample analysis, relative taxonomic distribution revealed that they were dominated by 

the top 4 phyla, including Actinobacteria > Proteobacteria, > Firmicutes> Bacteroidetes. 

Phylum Proteobacteria were further distributed into different classes such as 

Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria. The analyses also 

revealed that these bacteria strains coexisted in synergy to degrade crude oil sludge, with 

Actinobacteria dominating in all the treatment piles followed by Proteobacteria in samples U1 

– U5 except in U6 where Firmicutes dominated while Bacteroidetes were the least in samples 

U1, U2, U3 and U5, but was not detected (ND) in sample U4 and U6. These phyla played 

essential roles in the degradation of crude oil sludge, mostly when present in a treatment 

system. They utilized a variety of chemical components such as N, S, PAHs, metals present in 

crude oil sludge as an electron donor or acceptor even as nutrient resource for their growth and 

activities depending on the type of microbial communities, chemical structures, physical nature 

of the system, availability or quantity of nutrients and microorganism metabolic capabilities 

(Roy et al., 2018; Sarkar et al., 2016). Concerning the conditions that may have influenced their 

phenotypical transformed mutation, the top 3 phyla Actinobacteria, which was relatively high 

abundance in all samples, tolerates high temperature, salinity, pH level, they are associated 

with the effective degradation of PAHs. Proteobacteria = Alphaproteobacteria, and 

Gammaproteobacteria, which were also relatively high abundance in all samples, tolerate 

acidic conditions and are sulphate/nitrate-reducing (denitrifying) microbial community, 

involved in the degradation of alicyclic, aliphatic, and aromatic hydrocarbons, while the 

Firmicutes play significant roles in the hydrolysis and acidification of substrates during 

degradation processes in the presence of oxygen for their growth and activities. Firmicutes are 

also involved in the degradation of alicyclic, aliphatic, and aromatic hydrocarbons, suggesting 
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that these bacteria played a significant role in the improved degradation of crude oil sludge in 

the treatment piles (Table 6.1 and 6.2) (Albokari et al., 2015; Sarkar et al., 2020). 

 Excitingly, most of these bacteria identified in the treatment samples, such as 

Thiopseudomonas sp., Pseudomonas sp., Aquamicrobium sp. (Figure 6.10), have been 

implicated in the production of diverse enzymes such as esterase and lipase that can catalyze 

the degradation of crude oil sludge (Cheng et al., 2018). The lipase they produce and their 

catalase activities are valuable indicators of hydrocarbon biodegradation and indicate the size 

or activities of the microbial populations. Other bacteria strains such as Myroides sp. identified 

in the treatment piles (Figure 6.10), strive to grow well at mesophilic temperatures between 

20OC and 45OC (Xiao et al., 2014), these temperatures range (22OC and 28.3OC), were the same 

level observed during the treatment period because of the pile’s sizes. Furthermore, several 

studies have repeatedly implicated Rhodococcus sp., Pseudomonas sp., and Bacillus sp., in the 

degradation of petroleum hydrocarbon and many other organic compounds (Kuang et al., 

2018), which may explain their relative abundance in the treatments, suggesting that they 

played a significant role in the degradation of crude oil sludge. Also, they were isolated and 

characterized in this study, as shown in Chapter Four, Figure 4.23 and Tables 4.3, 4.4, 4.7, as 

positive producers of enzymes, as well as biosurfactant, and they formed part of the consortium 

responsible for the residual reduction in PAHs (Table 4.8). In the present experiment, they 

formed part of the consortium used for the active bacteria formulation, and their presence, as 

well as relative abundance in this experiment (ranging from 1.0>10>, Figures 6.10/6.11), 

suggested that they played a significant role in the reduction of PAHs concentration (Table 6.1 

and 6.2) in the treated samples (Wang et al., 2016; Wang et al., 2016; Kotoky & Pandey, 2020).  

Flavobacteria sp. and Sphingobacteria sp. belong to phylum Bacteroidetes, and according to 

Fu et al. (2015), Flavobacteria sp. are favoured to utilize cellulose, and lignin as their specific 

carbon or substrate source for growth and activities, with denitrifying capabilities while their 
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counterpart Sphingobacteria sp., are well-known for degradation of petroleum hydrocarbons 

compounds (PAHs, Steroidal estrogens, and Phytoestrogens = Isoflavonese), hence their 

presence in all samples although on a low relative read abundance of  0.1 – 3.4%. Among the 

immobilized cells used for the active bacteria formulation, Rhodococcus sp., Bacillus sp., 

Gordonia sp., Dietzia sp., Ochrobactrum sp., Clostridium sp., Pseudomonas sp., and 

Microbacterium sp., were detected in high relative abundance ranging from 1.0>10> Figure 

6.11. Others were detected but did not make it as the top genera, and due to substrate 

stimulation and affinity, new bacteria strains that were detected dominated in high relative 

reads abundance (Figure 6.11).  

All the bacteria strains identified in the treatments must have played a significant role in the 

degradation of crude oil sludge because they may have accessed the hydrophobic compound 

differently depending on their cell surface hydrophobicity. Thus, the ability of different 

microorganisms to access hydrophobic compounds depends on their cell surface 

hydrophobicity. High cell hydrophobicity allows the microorganism to directly contact or 

access oil droplets or solid hydrocarbons (Esin, 2012). According to Noparat et al. (2014), they 

reported that bacteria with high cell hydrophobicity usually have direct contact with oil drops 

and solid hydrocarbons, while bacteria with low cell hydrophobicity can only access emulsified 

oils or micelles. In most cases, biosurfactant assists bacteria cells to change the mode by which 

they access hydrocarbon as sources of carbon and other substrates while utilizing them as the 

source for growth and activities during the biodegradation process (Noparat et al., 2014). 

The GC/MS analyses in Table 6.1 have shown that these bacteria utilized PAHs in the 

treatments, with some PAHs being thoroughly degraded, near-complete degradation (95-

100%) but over 80% degradation in all the treatments (Treatments 1-9) and control treatment 

had lesser percentage degradation. The level of residual reduction in the control sample 

suggests that active indigenous bacteria were stimulated by the presence of carbon and nutrients 



344 
 

substrates from different sources, which include soil, corncob, and crude oil sludge. The results 

obtained in Table 6.1 could be because of the presence of N (Figure 5.5/Table 5.4) as the 

addition of N-substrate from corncob to an N-deficient complex crude oil sludge (Table 3.3). 

The addition of N-substrate may have increased the stimulation of cell growth and activities 

and improved bioremediation of crude oil sludge during the treatment process (Table 6.1 and 

6.2).  Nitrogen plays a vital role as a terminal electron acceptors (TEAs) to bacteria, mostly in 

conditions of lower oxygen availability, which may be the case in this experiment set up, a 

closed treatment in a PVC with only a few perforated holes (Figure 6.1). This setup must have 

induced a thermodynamically favourable condition within the treatment system, causing an 

assimilatory or dissimilatory reduction condition. The condition stimulates denitrification 

combined with concomitant oxidation and crude oil sludge degradation.  

In this experiment, the soil sample used contained TON = 3.4% and TP = 4.4% in mg-kg-1, and 

there was no potassium (K) detected in the soil sample Table 3.2, while the crude oil sludge 

had no trace of N, P, K at all even at a low concentration Table 3.3., the available N: P: K in 

this treatments was supplied via soil sample and corncob powder (carrier material). Thus, the 

deficiency of N: P: K in crude oil sludge that had a high organic carbon-rich source was 

alleviated to activate the activities of the present microbial community, permitting efficient 

metabolic growth and activities leading to microbial relative high reads abundance and 

improved crude oil sludge (PAHs) bioremediation (Tables 6.1 and 6.2). Among these essential 

nutrients N: P: K, the N2 (in the form of nitrate/nitrite), even in low concentration, is essential 

and plays a significant role in the degradation of crude oil sludge. This is because even in low 

concentration, N2 (in the form of nitrate/nitrite) can stimulate the growth and activities of the 

present microbial community, thereby improve the degradation of crude oil sludge. Thus, 

according to Sarkar et al. (2020), N2 (in the form of nitrate/nitrite) has some conspicuous 

functions among other essential nutrients required to stimulate microbial community activities 
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during the degradation of crude oil sludge. As such, nitrogen (in the form of nitrate/nitrite) is 

exceptional in enhancing crude oil sludge biodegradation; (1) N2 (in the form of nitrate/nitrite) 

facilitates the growth and activities of mainly Betaproteobacteria by simultaneous activation 

of PAH-oxidation in the process. (2) N2 (in the form of nitrate/nitrite) may function as a 

terminal electron acceptors (TEAs) via dissimilatory or assimilatory pathways involving 

nitrate-reducing bacteria in the course of the crude oil sludge oxidation process. These factors 

may have contributed to the distribution of Betaproteobacteria in all samples analysed in this 

experiment (Figure 6.8), with its percentage read abundance indicated to be 11.8% in U1, 9.8% 

in U2, 8.2% in U3, U4 = 1.5%, U5 = 3.7, and U6 = 1.2%  ranging in the scale of 1.0>10>, and 

they may have contributed immensely in the degradation crude oil sludge (PAHs) (Tables 6.1 

and 6.2) within 90 days.  

6.11 Comparison of the Toxic Effects of the ABF-Treated soil-oil sludge mixtures (SSM) 
and the untreated crude oil sludge on Sweet Bell Pepper Plant (Capsicum Annuum). 
 

Evident changes were observed after 60 days. The toxic effect of untreated crude oil sludge 

applied on Sweet bell pepper plants caused chlorosis and necrosis (plants ABC, Figure 6.12).  

The effect of treated crude oil sludge by-product applied on Sweet bell pepper plant caused 

only the chlorosis that was observed on few leaves. The fruits were still healthy and intact 

(plants DEF, Figure 6.13), and on the control, the Sweet bell pepper plant had no amendment 

of untreated crude oil sludge or treated crude oil sludge by-product.  No chlorosis nor necrosis 

was observed on their leaves, and fruits were still healthy and intact (plants GH, Figure 6.14). 

After 70 days, on the plants amended with untreated crude oil sludge, chlorosis of leaves, 

necrosis fruits, scorched, and withering was observed (plants ABC, Figure 6.15). On the plants 

amended with treated crude oil sludge by-product, only leave chlorosis was observed,  some 

ripened and green fruits still healthy and intact was observed (plants DEF, Figure 6.16), and 

on the control Sweet bell pepper plant that had no amendment of untreated crude oil sludge or 
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treated crude oil sludge by-product, no chlorosis nor necrosis was observed, the plants were 

still healthy and intact with ripening and some green fruit (plants GH, Figure 6.17). Then, after 

90 days of treatment, on the Sweet bell pepper plants amended with untreated crude oil sludge, 

chlorosis of leaves occurred, scorched and withered plant was observed, necrosis of fruits 

occurred on the young developing fruits, they were scorched and dried (withered), and plants 

were dying as chlorosis was observed (plants ABC, Figure 6.18), on the plants amended with 

treated crude oil sludge by-product, only a flowering, ripened/green fruit was observed, the 

plants and its fruits were still healthy and intact, (plants DEF, Figure 6.19), and on control 

plants that had no amendment of untreated crude oil sludge or treated crude oil sludge by-

product, no chlorosis nor necrosis was observed, the plants were still healthy and intact with 

ripening fruit (plants GH, Figure 6.20).  
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Figure 6.12 The toxicity test application. Sweet bell pepper after 60 days of applying untreated 
crude oil sludge, chlorosis, and necrosis were observed.  

 

 

 

Necrosis of the fruit 
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Figure 6.13 The toxicity test application.  Sweet bell pepper after 60 days of applying treated 
soil-oil sludge mixture, only chlorosis observed, fruit still healthy and intact.  
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Figure 6.14 The control Sweet bell pepper plant after 60 days. No amendment of untreated 
crude oil sludge and treated soil-oil sludge mixture, no chlorosis or necrosis observed, still 
healthy and intact.  
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Figure 6.15 The toxicity test application. Sweet bell pepper after 70 days of applying untreated 
crude oil sludge, chlorosis, necrosis fruits, scorched and withered plant observed.  

 

Necrosis of fruit 

Withered plant 
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Figure 6.16 The toxicity test application.  Sweet bell pepper after 70 days of applying treated 
soil-oil sludge mixture, only chlorosis observed, ripened/green fruit still healthy and intact.  

.  

 

Figure 6.17 The control Sweet bell pepper plant after 70 days. No amendment of untreated 
crude oil sludge and treated soil-oil sludge mixture, no chlorosis or necrosis observed, still 
healthy and intact with ripening/green fruit.  
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Figure 6.18 The toxicity test application. Sweet bell pepper after 90 days of applying untreated 
crude oil sludge, chlorosis, necrosis fruits, scorched and withered plant observed.  

 

 

Necrosis fruit  

Withered plant Chlorosis effect 
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Figure 6.19 The toxicity test application.  Sweet bell pepper after 90 days of applying treated 
soil-oil sludge mixture, only a flowering, ripened/green fruit still healthy and intact observed.  

 

Figure 6.20 The control Sweet bell pepper plant after 90 days. No amendment of untreated 
crude oil sludge and treated soil-oil sludge mixture, no chlorosis or necrosis observed, still 
healthy and intact with ripening fruit.  

Still flowering 
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The results showed that untreated crude oil sludge negatively impacted the sweet bell pepper 

plants after 90 days of treatment (plants ABC, Figure 6.18). The plant's leaves were broad but 

few, and crude oil sludge amendment impacted the plant’s ability to maintain flowering and 

mature to produce fruits, rather a necrosis and chlorosis condition took over on the plants that 

led to the withering of the flower as well as flower buds, which eventually caused the death of 

the young developed fruits (necrotized). The toxic effect of crude oil sludge on the plants could 

be because of insufficient aeration and nutrient deficiency, resulting in anaerobiosis, root stress, 

decreased leaf growth and chlorosis, and dehydration of plants (Raimi, 2017). It was observed 

that plants ABC, Figure 6.18, had retarded growth, fewer leaves, fewer branches, produced 

flowers, but could not maintain the flowers to produce fruits, and some young developed fruits 

were necrotized. According to Raimi (2017), these impacts could be attributed to the 

application of crude oil sludge and low level of nutrients in the treated soil because crude oil 

sludge must have been degraded into a different component harmful to the plants. Also, 

microorganisms may have competed with the plants regarding the nutrients making them less 

available. The toxicity of crude oil sludge on plants was shown by leaf necrosis, indicating the 

translocation of crude oil sludge components (PAHs) via plant roots to other plants' parts. 

When the results/effects of the treated soil-oil sludge mixture application on plants were 

compared to the control plants with no amendment, there was no significant difference 

observed in the plant's leaves, branches, and fruits. They did not wither nor died until the end 

of 90 days of the experiment. The results obtained on plants in DEF/GH (plants DEF, Figure 

6.19/ Figure 6.20) could be attributed to the availability of aeration, nutrients, bacteria activities 

that promoted plant-growth. Their activities in the rhizosphere led to plant flowering and fruit 

developments and, at the same time, PAH-uptake by plants (Table 6.5). It was observed that 

crude oil sludge affected the general plant's growth and production of flower, fruits, and its 

developments because of its hydrophobicity as well as toxicity to the plant in sample ABC, 
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while in samples DEF and GH plants growth and development improved to the extent of 

producing healthy/intact flowers and fruits (Figures 6.19 and 6.20). The noticeable toxicity 

effects on the sweet bell pepper plants were chlorosis and necrosis, which must have been 

caused by oxidative stress because of reactive oxygen intermediates in the plant cells. Such 

changes affect the plant's membrane permeability, enzymes, photosynthesis activities, which 

may have caused chlorosis and necrosis. The death of plants (plants AB, Figure 6.18) amended 

with untreated crude oil sludge maybe because of the influence or effect of micronutrient 

translocation and chlorosis symptoms induced by nutrient deficiency in plants. These 

conditions may often affect the root growth, which eventually affects the whole plant structure, 

causing abscission meristem and dehiscent leaves/fruits (shed of leaves/flowers) (Farnese et 

al., 2014).  

The sweet bell pepper plant amended with crude oil sludge (PAHs) may have promoted lipid-

peroxidation by generating free radicals that caused the functional breakdown, which affected 

the structure and biological membrane of the plant, which eventually led to plant death (Figure 

6.18). The crude oil sludge amendment also affected the plant growth because associated and 

increased lipid peroxidation reduces the photosynthetic pigmentation in the plant because 

reduced chlorophyll and carotenoid production by plants are symptoms of plants exposure to 

toxicity and stress agents (Farness et al., 2014). These conditions eventually serve as a 

parameter to monitor or as a bioindicator of plant's oxidative stress. The control sweet bell 

pepper plants (plant samples GH, Figure 6.20) were used to monitor and compare the plant's 

performance in terms of growth and development. 
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6.12 Residual Concentration of Selected PAHs in Soil, Root, Stem, Leaf, and Fruit After 
90 Days of Treatment 
 

Many plants have been used for phytoremediation in a contaminated environment, although 

hydrocarbon contamination in soil impedes plant growth and development and 

phytoremediation (Muratova et al., 2008). However, phytoremediation process may be 

enhanced by synergic association of degrading bacteria and their activities at the plant's root 

zone, where plants roots produce nutrient that improves the microbial activity in the 

rhizosphere (Arslan et al, 2014). According to De Bernardi et al. (2020), crop plants possess 

an excellent capacity for phytoremediation, such as their fast growth, easy cultivation. In this 

experiment, our choice for the sweet bell pepper plants was the availability, potential to 

accumulate and store toxic compounds. Most significantly, as previously stated, this plant was 

chosen as a bioindicator for this toxicity test because of the rapid structural changes it exhibits, 

thus, it was easy to note changes on the plant caused by the toxic effects of environmental 

changes and contaminants such as PAH accumulation (Tadesse, 1997;  Raimi, 2017). 
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Table 6.4 The average final reduction of selected PAHs in ABC Untreated Crude Oil Sludge 
Plant-soil, roots, stem, leaves, and fruits after 90 days of treatment. Values are mean of three ± 
standard error for the treatment piles. 

§ The number of benzene rings in different PAHs is given in the bracket. 
† Residual concentration in mg.kg-1 of each PAH degradation. ND = Not detected in the sample 

 

 

Selected PAHs in 
Crude Oil sludge 

Initial 
Conc. 
mg.kg-1 

Residual concentration (mg.kg-1)† 
ABC Untreated 
Crude Oil sludge 
+ Plant-soil  

ABC Untreated 
Crude Oil sludge + 
Plant-Root  

ABC Untreated 
Crude Oil sludge 
+ Plant-Stem  

ABC Untreated 
Crude Oil sludge 
+ Plant-leaves  

Naphthalene (2) 98.4±6.0 0.13±0.30 
 

0.06±0.01 
 

0.06±0.10 
 

0.10±0.01 
 

Acenaphthylene (3) 6.2±0.6 4.52±0.12 
 

0.24±0.20 
 

0.24±0.00 
 

0.20±0.30 
 

Acenaphthene (3) 9.3±1.2 4.43±0.04 
 

0.11±0.88 
 

0.11±0.03 
 

0.10±0.20 
 

Fluorene (3) 27.4±2.1 5.25±0.04 
 

0.04±0.02 
 

0.03±0.04 
 

0.30±0.00 
 

Phenanthrene (3) 15.3±1.8 6.96±0.22 
 

0.05±0.01 
 

0.04±0.08 
 

0.40±0.32 
 

Anthracene (3) 42.4±4.4 2.66±0.00 
 ND ND ND 

Fluoranthene (4) 2.4±0.4 0.52±0.02 
 

0.12±0.03 
 

0.12±0.05 
 

0.12±0.00 
 

Pyrene (4) 14.2±1.2 2.07±0.20 
 

1.03±0.05 
 

0.01±0.54 
 

1.01±0.64 
 

Benzo [a] 
anthracene (4) 4.4±1.4 1.82±0.01 

 
0.70±0.24 

 
0.10±0.25 

 
0.69±0.24 

 

Chrysene (4) 55.4±0.2 4.72±0.00 
 

2.19±0.43 
 

0.19±0.00 
 

0.20±0.01 
 

Benzo [b] 
fluoranthene (5) 24.4±1.6 2.79±0.08 

 
0.70±0.00 

 
0.10±0.06 

 
0.69±0.35 

 
Benzo [k] 

fluoranthene (5) 2.9±0.3 0.91±0.16 
 

0.43±0.05 
 

0.13±0.01 
 

0.42±0.02 
 

Benzo[a]pyrene (5) 10.4±1.6 4.86±0.24 
 

2.22±0.23 
 

1.21±0.12 
 

1.21±0.26 
 

Perylene (5) 5.3±1.0 3.43±0.04 
 

1.10±0.04 
 

0.11±0.10 
 

1.14±0.64 
 

Indenol [1,2,3-cd] 
pyrene (6) 10.2±2.6 3.02±0.03 

 
0.28±0.30 

 
0.19±0.03 

 
0.28±0.04 

 
Dibenzo [a,h] 
anthracene (5) 12.4±1.4 1.51±0.00 

 
0.38±0.70 

 
0.38±0.00 

 
0.37±0.01 

 
Benzo [ghi] 
perylene (6) 9.4±1.0 1.73±0.34 

 
0.46±0.43 

 
0.45±0.23 

 
0.44±0.31 

 
Benzo [e] 

acephenanthrylene 
(5) 

3.9±0.1 1.43±0.00 0.36±0.00 0.25±0.00 0.14±0.00 
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Table 6.5 The average reduction of selected PAHs of Estimated Concentration of composite 
treated PAH applied on DEF Plant-soil, roots, stem, leaves, and fruits after 90 days of treatment.  
Values are mean of three ± standard error for the treatment piles. 
 

§ The number of benzene rings in different PAHs is given in the bracket. 
† Residual concentration in mg.kg-1 of each PAH degradation. ND = Not detected in the sample 

 

Selected PAHs in Crude Oil 
sludge 

Estimated 
Conc. 
of composite 
treated PAH 
before 
applied on 
DEF plants 
(mg.kg-1) 

Residual concentration (mg.kg-1) † 
DEF 
Treated 
Crude Oil 
sludge + 
Plant-soil  

DEF 
Treated 
Crude Oil 
sludge + 
Plant-Root  

DEF 
Treated 
Crude Oil 
sludge + 
Plant-Stem  

DEF Treated 
Crude Oil 
sludge + 
Plant-leaves  

DEF 
Treated 
Crude Oil 
sludge + 
Plant-Fruit.   

Naphthalene (2) 0.00 ND 
 

ND 
 

ND 
 

ND 
 

ND 

Acenaphthylene (3) 0.76±0.6 0.22±0.12 
 

0.20±0.20 
 

0.21±0.00 
 

0.01±0.30 
 

ND 

Acenaphthene (3) 0.42±1.2 0.10±0.04 
 

0.06±0.88 
 

0.07±0.03 
 

0.10±0.20 
 

ND 

Fluorene (3) 0.68±2.1 0.06±0.04 
 

0.03±0.02 
 

0.03±0.04 
 

0.03±0.00 
 

ND 

Phenanthrene (3) 1.85±1.8 0.05±0.22 
 

0.05±0.01 
 

0.05±0.08 
 

0.04±0.32 
 

ND 

Anthracene (3) 0.00 ND 
 

ND 
 

ND 
 

ND 
 

ND 

Fluoranthene (4) 0.39±0.4 0.13±0.02 
 

0.02±0.03 
 

0.12±0.05 
 

0.02±0.00 
 

ND 

Pyrene (4) 0.06±1.2 0.02±0.20 
 

0.01±0.05 
 

0.01±0.54 
 

0.01±0.64 
 

ND 

Benzo [a] anthracene (4) 2.12±1.4 0.71±0.01 
 

0.70±0.24 
 

0.01±0.25 
 

0.01±0.24 
 

ND 

Chrysene (4) 0.44±0.2 0.04±0.2 ND 
 

ND 
 

ND 
 

ND 

Benzo [b] fluoranthene (5) 2.10±1.6 0.70±0.08 
 

0.70±0.00 
 

0.09±0.06 
 

0.06±0.35 
 

ND 

Benzo [k] fluoranthene (5) 1.26±0.3 0.26±0.3 ND 
 

ND 
 

ND 
 

ND 

Benzo[a]pyrene (5) 3.66±1.6 1.22±0.24 
 

1.02±0.23 
 

0.02±0.12 
 

0.69±0.26 
 

ND 

Perylene (5) 3.34±1.0 1.12±0.04 
 

1.09±0.04 
 

0.09±0.10 
 

0.10±0.64 
 

ND 

Indenol [1,2,3-cd] pyrene (6) 0.90±2.6 0.08±0.03 
 

0.06±0.30 
 

0.08±0.03 
 

0.06±0.04 
 

ND 

Dibenzo [a,h] anthracene (5) 1.12±1.4 0.12±1.4 ND 
 

ND 
 

ND 
 

ND 

Benzo [ghi] perylene (6) 1.37±1.0 0.45±0.34 
 

0.44±0.43 
 

0.04±0.23 
 

0.03±0.31 
 

ND 

Benzo [e] acephenanthrylene 
(5) 

0.00 ND ND ND ND ND 
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After 90 days of treatment, the residual PAHs recovery from the plants was achieved by an 

automated Soxhlet extractor and quantified using GC/MSD (Sun et al., 2006; Doris & Kenneth, 

2009). The compounds recovered and their residual concentration is recorded as shown in 

Table 6.4, but in-plant treatment, ABC amended with untreated crude oil sludge Anthracene = 

was not detected (ND) in plants roots, stems, and leaves. While in plants treatment DEF 

amended with the composite sample/treated soil-oil sludge mixture from Treatment-1-3, the 

PAH-residual concentration recovered are recorded as shown in Table 6.5, and according to 

the results Chrysene, Benzo [k] fluoranthene and  Dibenzo [a, h] anthracene were not detected 

(ND) in any plant part, not in roots, stem, leaves, and fruits. Chrysene initially amended in soil 

was 0.44 mg.kg-1, but was detected only in soil at 0.04 mg.kg-1, followed by Benzo [k] 

fluoranthene initially amended in soil was 1.26 mg.kg-1, but was detected only in soil at 0.26 

mg.kg-1 and Dibenzo [a, h] anthracene initially amended in soil was 1.12 mg.kg-1, but was 

detected only in soil at 0.12 mg.kg-1 (Table 6.5). The rest PAHs were detected in soil and other 

parts of the plant except the fruits (Table 6.5), while Naphthalene, Anthracene, and 

Benzo[e]acephenathrylene was not in this application because they were completely degraded 

in the treatments (not detected = ND), after 90 days (Table 6.1). 

The treated soil-oil sludge mixture was tested on sweet bell pepper plants to determine their 

safe disposal in the environment. The effect of the treated soil-oil sludge mixture with the 

application of untreated complex crude oil waste sludge was further compared on sweet bell 

pepper plants in a greenhouse set-up. These sets of experiments were also conducted to evaluate 

the behaviour and capability of the sweet bell pepper plant to grow, phytoextract, accumulate 

PAHs, and exhibit structural changes, thus showing the toxic effect of PAHs on the plants. The 

detailed residual concentration in mg.kg-1 obtained in this experiment is shown in Table 6.4 and 

6.5 above. In each case, the PAHs mentioned above were identified and quantified using 

GC/MSD, and this analysis was calculated using the mean value of three replicates for each 
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sample. The results quantified using GC/MSD in all treatments (ABC Table 6.4 and DEF Table 

6.5) can be attributed to reducing PAHs via evaporation, volatilization, natural attenuation, 

washing, and leaching, that occurred during plants watering, phytoextraction, and 

phytoremediation in the greenhouse. Also, bacterial strains present in the treatment pots may 

have played a vital role in reducing PAHs since bacteria in synergy can enhance plant growth 

and development. This synergic association combines the activity of PAH-degrading bacteria 

and plant-growth-promoting bacteria in cooperation to degrade crude oil sludge (PAHs). The 

results obtained on plants in DEF could be because of the availability of plant-growth-

promoting bacteria and their activities in the rhizosphere that led to PAH-uptake by plants 

(Table 6.5) 

The sweet bell pepper plant has shown the ability to absorb residual-PAHs at a low 

concentration level. However, they may not survive at a higher concentration level (Figure 

6.18). Hence this sweet bell pepper plant may be considered as a phyto-remedial plant if the 

experimental setup is adequately tailored to utilize the combination of PAH-degrading bacteria 

as well as the availability of essential nutrients to improve phytoremediation efficiency, which 

may influence plant growth, PAH degradation, bacteria colonization, and their activities. 

The plant's death eventually observed in sample ABC (Figure 6.18) could be because of the 

absorption of PAHs and the toxic effect of oxidative stress caused by reactive oxygen 

intermediates (ROIs). The ROIs alter a plant's normal or natural metabolism causing cell 

membrane damage; ROIs also inhibit a plant's growth and photosynthesis, which eventually 

leads to plant death. However, many plants can manage these effects with enzymatic 

antioxidants such as superoxide dismutase, peroxidase, and catalases via the accumulation of 

amino acids, which play vital roles during plant growth as abiotic stress resistance (Farness et 

al., 2014). The pepper plants in sample AB possibly could not tolerate the toxic effects of crude 

oil sludge nor produce enough enzymatic antioxidants to mitigate the effect of crude oil sludge. 



361 
 

Hence, they are unable to live longer, produce flower/fruits, and eventually, they died (plants 

sample AB, Figure 6.18), while the pepper plants in sample C possibly tolerated and mitigated 

the toxic effects of crude oil sludge; hence the plant was able to live longer, produce 

flower/fruits. However, the fruit was necrotized and eventually dried up, but it lived longer 

than the other two (plants sample C, Figure 6.18). It is also possible that the absorption of PAHs 

created a harmful effect on the plant’s morphology and anatomy (sample AB, Figure 6.18), 

which caused structural damage (internal/external), and created physiological changes in the 

plants.  The accumulation, as well as uptake of PAHs, was by roots, via stems, and Leaves. 

The pepper plant must have used these parts as its defence mechanism or PAH uptake system, 

and there was no PAH detected in fruits (Table 6.5). The PAH uptake may also be attributed 

to plant roots exudates where the production of aromatic acids, and phospholipid surfactants 

that can emulsify crude oil sludge, then, increased PAH mobility and bioavailability, as well 

as their adsorption in the rhizosphere, occurs according to Muratova et al., (2008) and De 

Bernardi et al., (2020). 

From the results obtained in plant sample ABC, Figure 6.18, sweet bell pepper plant could be 

used for toxic bioindicator or biomarker since the plants are available commercially and have 

indicated the capability to accumulate or remove PAHs from soil (phytoextraction) (Tables 6.4 

and 6.5) and exhibits structural changes. The use of edible plants such as sweet bell pepper for 

phytoremediation may pose health risks to the food chain, mainly to animals and humans, 

because of the uptake and propagation of PAHs and other pollutants via the stem or leaves 

(Agwaramgbo et al., 2012). Exposure to PAHs is an environmental concern because it is a 

potential public health hazard. They could cause a cumulative effect on humans or animals, 

leading to central nervous system (CNS) disorders. PAH in humans or animals’ metabolic 

system releases epoxide complexes associated with mutagens and carcinogens substances that 

are dangerous to the human or animal body (Bayoumi, 2009). Thus, the safe disposal of 
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untreated crude oil sludge or the treated soil-oil sludge mixture (PAHs) is essential to avoid the 

health risk posed via exposure or food-chain. The treated soil-oil sludge mixture showed no 

negative effect on the sweet bell pepper plant, and no PAH was detected in fruits; therefore, 

the treated soil-oil sludge mixture is suggested to be safe for disposal at that PAH concentration 

level (Table 6.5). 

6.13 Conclusion 

  
It has been reported that the biodegradation of complex crude oil waste sludge by microbial 

community depends on different factors (1) nature, toxicity, and concentration of complex 

crude oil waste sludge sample (b) microbial active metabolic capabilities, (c) deficiency or 

availability of the essential nutrients in sufficient quantity for the stimulation of the appropriate 

microbial community and (d) type of cellular/mechanisms of hydrophobic substrates uptake 

and mineralization (Sarkar et al., 2020). However, the diverse microbial community can adapt, 

survive, and grow in complex crude oil waste sludge to biodegrade such toxic complex 

compounds even under adverse environmental conditions. Hence these factors are attributed to 

the kind of results obtained in this study.   

The results obtained in this study elucidates the bacteria community composition present 

during the treatment period. These analyses were achieved using the culture-dependent method 

and Illumina high-throughput culture-independent sequencing platform, which complemented 

and agreed with the data obtained from each other, revealing a comprehensive and comparative 

sequence analysis of bacterial diversity in each sample. During the classification of the 

sequences, the phylogenetically identified bacterial communities revealed that two different 

16S rRNA universal primers (1. = 27F/1492F and 2. =  27F and 518R) used as aforementioned 

were for a broad range of prokaryotic members, which could yield accurate genetic information 

(Ma et al., 2015). Moreover, the genera identified in this present experiment using culture-
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dependent methods have been reported in many studies as PAH-degrader indicators, and they 

were the same genera identified using Illumina sequencing (NGS). For comparison, both in the 

metagenomic analysis (Illumina sequencing) and culture-dependent method, it has been 

revealed that the resultant selected top phyla and genera OTUs in each sample have been found 

in PAH-contaminated environments.  

When reviewing the factors that influence the relative abundance of bacteria in different 

treatment samples, the most dominant factor was; (1). Availability of PAHs and nutrients, 

where PAHs were used as the sole source of carbon for bacterial growth and activities, nutrients 

from the soil, and corncob powder were used to stimulate bacterial growth and activities in all 

treated samples. (2). The capability of degrading bacteria to utilize the nutrients or PAHs and 

their metabolites also as the substrate in their metabolic growth activities (Plaizier et al., 2017; 

Plaizier et al., 2017).  

The influence of the bacterial community on the reduction of crude oil sludge (PAHs) in the 

treatment mixtures (Treatment 1- 3) as well as enrichment culture treatments (Treatment 4 - 9) 

was analysed and the results obtained in Table 6.1 and 6.2 showed that the bacterial community 

could be wholly responsible for the reduction and degradation of crude oil waste sludge 

(PAHs). These results agree with the study by Shahriari et al., (2014); Adams et al., (2016); 

Xu et al., (2016) and Adam et al., (2017), they analysed the contribution of bacterial community 

to degrade hydrocarbons in a compost mixture, which was proven by the formation of CO2 as 

end-product (Plaizier et al., 2017; Plaizier et al., 2017). 

With the metagenomics analysis, essential and detailed information on the dominant microbial 

diversity directly from the samples was extensively revealed. It was observed that phylum 

Actinobacteria were relatively abundant in all samples and the most dominant, while the least 

observed phylum was the Bacteroidetes. The results further revealed that the samples were 
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unique because they harboured all the top 4 dominant phyla, Actinobacteria, >Proteobacteria, 

>Firmicutes, and Bacteroidetes, in different proportions.  Many studies have recorded the 

presence of these phyla Actinobacteria >Proteobacteria, >Firmicutes, and Bacteroidetes in 

different relative abundances and treatment stages of a petroleum refinery, industrial 

wastewater treatment plant, and steel industry (Sekar et al., 2014; Tao et al., 2016). According 

to reports, Actinobacteria, Proteobacteria, and Firmicutes have been the most abundant groups 

within the diverse communities (Lu et al., 2019), as it was detected in this present experiment.  

The observed presence of γ, β, α Proteobacteria in this experiment is in agreement with many 

other studies carried out on divers hydrocarbon-rich environments such as natural oil deposits, 

asphalt, crude oil, oil sand, oil-contaminated water, soil, and sludge (Smith et al., 2015; Sarkar 

et al., 2016).  

Interestingly, the identified phyla and their successive genera have been isolated from 

petroleum-contaminated environments because of their unique capabilities to degrade 

polycyclic aromatic hydrocarbons (PAHs), which shows that they play vital roles in ex-situ 

and in-situ bioremediation (Ma et al., 2015; Lu et al., 2019).  Their role in PAH degradation is 

supported by other studies, which have indicated that these bacteria strains identified can 

degrade petroleum wastes and other toxic organic solvents (Jain et al., 2011; Santisi et al., 

2015; Vaidya et al., 2017). The genera Rhodococcus sp. and Corynebacterium sp. have been 

consistently detected in petroleum-contaminated environments because of their distinctive 

capabilities to degrade polycyclic aromatic hydrocarbons (PAHs), which is very vital in situ 

bioremediation; this suggests their highest abundance in these present experiments. From these 

results obtained, a wide variety of bacteria identified in these experiments are responsible for 

the degradation of crude oil refinery sludge (selected PAHs) in the treatments.  

It is significant to note that more bacteria genera were identified in this active bacteria 

formulation application experiment, different from the bacteria strains identified in the co-
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compost experiment conducted to raise bacteria strains used to prepare the active bacteria 

formulation. The genera composition shift or differentiation observed in this experiment could 

be attributed to nutrient or carbon sources used for the experiment, such as the presence of 

corncob powder, crude oil sludge, glycerol (1%), and soil. This change in bacteria community 

composition maybe because of simultaneous factors such as symbiosis and bacterial strains 

competing for the utilization of different carbon sources and their adaptation to favourable or 

adverse environmental conditions (pH, temperature, and salinity). This agrees with an 

experiment conducted to degrade sludge-amended soil with spent mushroom compost. The 

study observed a differential distribution in bacterial genera identified in their different 

experiment set up and stages, which was suggested to be attributed to spent mushroom compost 

amendment, which resulted in sulphonamide antibiotic possible degradation or removal in 

sludge amended soil (Yang et al., 2016).  It is exciting to note that spent mushroom compost 

harbour almost the same nutritional content such as organic matter, carbon, nitrogen, 

phosphorus, potassium, and other trace element compared to the corncob powder used in this 

treatment set up as described in Chapter Five-Figure 5.5 and Tables 5.2/5.4. Thus, corncob 

powder and crude oil sludge could be considered as the influential carbon source or specific 

substrate for crude oil sludge degraders because the bacteria composition observed in this 

experiment suggests that they have influenced the transformation and dominance of bacteria 

strain with more vital capabilities to degrade crude oil sludge in the treatments resulting to 

PAH-residual concentration presented in Tables 6.1  and 6.2. These factors agree with the study 

conducted by Zdarta et al. (2016); their findings suggested that different carbon sources and 

specific substrates influence bacteria dominance and relative abundance. Therefore, the use of 

corncob powder either as a carrier material or bulking agent and crude oil sludge could be 

recommended as a specific carbon or substrate source. This recommendation was prompted by 

the results obtained from these experiments. This factor may have influenced the bacteria 
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community composition in this experiment and the relative abundance of the bacteria strains 

used to prepare the active bacteria formulation, possibly why most of the raised and selected 

bacteria consortium was not among the top 40 genera on the heatmap. However, they were 

present and detected in the treatments (Figures 6.10 and 6.11) because they were still 

metabolically viable at the time of application to degrade complex crude oil waste sludge as 

observed by the viability test results described in Chapter Five, hence improved bioremediation 

was achieved.  

Furthermore, apart from the environmental conditions of the treatment system, the different 

carbon and substrates sources in the treatments may have influenced the bacteria community 

composition because when bacteria strains capable of metabolizing specific carbon or substrate 

sources get in contact with such substrates, they dominate and are relatively abundant than 

others (Lu et al., 2019; Zdarta et al., 2016). These factors and the experimental setup may have 

stimulated the metabolic activities of the present bacteria strains, which improved the 

bioremediation of crude oil sludge. This may have led to the high relative abundance of the 

specific microbial community in all treatments.  

This experimental set up has activated the activities of other bacteria strains other than the ones 

introduced via the active formulation, which means in this experiment, mixed bacteria strains 

were active in the degradation of crude oil sludge since their multiple metabolic capacities must 

have played a significant role in a synergic manner to improve bioremediation process. This 

may be the possible phenomenon in this experiment since some bacteria can break down some 

crude oil sludge components into different metabolites but cannot mineralize them, a partial 

degradation that may lead to the release of more toxic components in the environment. While 

some bacteria strains in the same system use the same metabolites as their specific carbon 

source or growth substrate, thereby supporting co-metabolism and improve bioremediation in 

the process (Cerqueira et al., 2011). In liquid culture samples (U4 and U5, Table 6.2), with and 
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without 1% Tween 80 amendment, there was no significant difference in the PAH-residual 

concentration of crude oil sludge degradation in the samples. However, a transformation in 

bacteria strains was also observed, indicating that specific carbon or substrate sources could 

have influenced them. It might also be exciting to note that specific carbon or substrate source 

could be the reason for Lactobacillus sp. (46.6%) and Clostridium sp. (39.2%), detection only 

in sample U6 ranging in abundance scale of 10>, and they may be responsible for the 

degradation of PAHs in samples U6 (Table 6.1). Meanwhile, other bacteria strains were 

distributed in different proportions in other samples (Figure 6.11).   

Biosurfactant has been reported in many studies to influence the degradation of hydrocarbons. 

At the same time, an artificial surfactant such as the Tweens (Tween 20/80 and Triton X-100) 

may show no significant influence in the degradation of PAHs (Zdarta et al., 2016), as was 

observed in the treatments with and without 1% Tween 80 amendments (Table 6.2).  Possibly 

this is because the biosurfactant the identified genera produce usually is active at extreme 

temperature, high pH values (8 -12), and salinities. These extreme conditions do not reduce the 

emulsifying activities of biosurfactants (Vecino Bello et al., 2012); instead, an increase in 

emulsifying activities may occur (Kotoky & Pandey, 2020). They indicated that there was 

another mechanism of interaction that took place between carbon sources, specific substrate, 

the artificial surfactant Tween 80, and the bacteria strains present in the treatments. In Chapter 

Four, bacteria capable of producing biosurfactants and FAMEs were identified and screened. 

They made up the consortium used to prepare the active formulation. Thus, the production of 

biosurfactants and FAMEs may have been exhibited in this experiment and promoted crude oil 

sludge degradation since many other bacteria strains use them as substrates for their growth 

and metabolic activities.  

The sweet bell pepper plant (Capsicum Annuum) is an edible perennial tropical crop that takes 

90–100 days from planting to mature (anthesis) and produce fruits (Vidigal et al., 2011; 
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Ashilenje, 2013). This plant was chosen as a bioindicator for the toxicity test because of the 

rapid structural changes the plant exhibits; thus, it was easy to notice changes on the plant due 

to PAH accumulation's toxic effects. The sweet bell pepper plant is not new for 

phytoremediation experiments. It has been used for bioremediation studies on crude oil 

contaminated soil by Raimi (2017). Excitingly, in this experiment, the plants grew on crude oil 

sludge amended soil; therefore, it could be recommended for phytoextraction experiments. 

Since the sweet bell pepper plant has a shallow, extensive, widely branched, fibrous large-

surface area roots system with a few tap roots that penetrate deep for growth and development 

(Gough, 2001, Raimi, 2017), the roots can fix nitrogen and has proven to take up PAHs 

revealing its phytoextraction ability in the process (Tables 6.4 and 6.5) and exhibited rapid 

structural changes.  

The current results indicated the effects of the active bacteria formulation (ABF) approach used 

in this experiment. Thus, these results are unique and demonstrated that active bacteria 

formulations (ABFs) in a tailored treatment achieved elevated levels of degradation of crude 

oil waste sludge components, suggesting that the recalcitrant nature of complex crude oil waste 

sludge (high content of HMW-PAHs) did not inhibit bacterial growth and biodegradation. In 

this study, the active bacteria formulations (ABFs) potentials and efficacy to degrade crude oil 

sludge were successful.   
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CHAPTER SEVEN 
 

General Discussion, Conclusion, and Recommendation 
 

7.1 Introduction 

  
Oil refineries generate huge amounts of crude oil sludge, a waste product encountered during 

crude oil refining, cleaning oil storage vessels, and waste treatment. This waste is complex and 

comprises a thick, viscous mixture of sediments, water, oil, and high hydrocarbon 

concentration and has been classified as a hazardous organic compound containing many 

carcinogens. The oil sludge contaminates the environment via human activities. The rapid 

increase in crude oil sludge pollution on land and water has been an enormous environmental 

challenge and a serious health concern over the years. Given the effect of crude oil sludge on 

the ecosystem, research is needed to find biological and environmentally friendly methods for 

the treatment and safe disposal of the complex crude oil sludge.  

Of all methods, biological methods are intense procedures designed to suit site-specificity and 

conditions (Boopathy, 2000; Azubuike et al., 2016; Abatenh et al., 2017). It relies on activities 

of diverse and adapted successive microbial populations combining the action of both 

mesophilic and thermophilic organisms, under carefully controlled parameters, a mixture of 

nutrients and rich organic materials that degrades organic contaminants from harmful to 

harmless compounds such as CO2 and water (Mani & Kumar, 2014; Ofoegbu, 2015; Huhe et 

al., 2017; Anwar et al., 2018). Furthermore, biological methods are less disruptive to the 

environment (Okafor & Nwankwegu, 2016). It could degrade waste permanently; help reduce 

the environmental effect of waste. The advantages are waste stabilization and biological 

conversion of organic wastes into stable inorganic compounds by bacteria population present, 
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and the stable inorganic compounds may cause little or no pollution if discharged onto the 

environment (Irshad et al., 2013; Anwar et al., 2018). 

Several kinds of research have reported the presence of diverse and complex assemblages of 

microorganisms during in situ and ex situ biodegradation of crude oil sludge and other 

petroleum hydrocarbons. However, some of these studies have their own challenges, such as 

the survival of either indigenous or introduced degrading microorganisms because of the 

adverse effect of contaminants or environmental conditions and the deficiency of required 

nutrients that stimulates microbial growth and activities during the biodegradation process. 

These challenges impede microbial activities and affect the complete degradation of target 

contaminants resulting in partial degradation in the process (Hou et al., 2013), that leads to the 

production of metabolites as residues, and such residues of hydrocarbons left behind eventually 

require further treatments and a prolonged treatment time (Liu et al., 2010; Das & Chandran, 

2011; Srinivasarao Naik et al., 2011; Simons et al., 2013). Likewise, in a previous study; 

tailored co-composting bioremediation of crude oil sludge with different animal manure under 

a laboratory condition (Ubani, 2012), it was reported that residues of crude oil sludge 

constituents, mainly the HMW-PAHs, were not completely degraded in the compost piles after 

10 months of co-composting. Thus, to overcome the challenges and enhance the 

bioremediation of crude oil sludge, an active bacteria formulation (ABF) was proposed. This 

active bacteria formulation consists of a carefully selected bacteria consortium with specialized 

capabilities, immobilized, and modified in a formulation to degrade both LMW and HMW 

PAHs present in complex crude oil sludge. The bacteria formulation was expected to improve 

the biodegradation of crude oil sludge within a short time, thereby effectively shorten the usual 

biodegradation time. The bacteria formulation was also envisaged to address the challenges 

encountered during bioremediation, such as low survival of the bacteria population introduced 

due to harsh environmental conditions and deficiency or availability of nutrients to stimulate 
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microbial growth and activities. Since the immobilized bacteria are those with specialized 

capabilities to survive harsh environmental conditions, they can solubilize and digest 

hydrophobic substrate, making them bioavailable for their growth and activities (Masy et al., 

2016).  Therefore, to develop the active bacteria formulation, a co-composting of crude oil 

sludge using different animal manures (cow, horse, pig, and poultry manures) was used to raise 

successive, adapted, and diverse endogenous bacteria populations with such varying capacities 

to degrade and transform complex crude oil sludge into a harmless compound. This is because 

such endogenous bacteria communities could degrade pollutants about six to ten times more 

than their counterparts because of their metabolic heterogeneity. 

 

7.2 Co-Composting of Crude Oil Sludge with different Animal Manures to Raise Bacteria 
Capable of Degrading Complex Crude Oil Wastes Sludge  
 

Composting an intense biological process was used to generate diverse and successive 

microbial populations capable of degrading complex crude oil sludge. The process combined 

both mesophilic and thermophilic conditions under carefully controlled parameters, a mixture 

of nutrients and rich organic materials (Mani & Kumar, 2014; Ofoegbu, 2015; Huhe et al., 

2017). This study showed that microbial growth and activities were enhanced under controlled 

conditions.  Hence, bacteria capable of degrading PAHs were efficiently generated.  While 

these results were similar to those obtained in other studies of hydrocarbon biodegradation 

experiments, particularly those of weathered contamination of crude oil, it should be noted that 

crude oil waste sludge has been reported to be inhibitory to microbial growth and not amenable 

to biodegradation (Sherry et al., 2014). The current results obtained indicate the effects of the 

type of composting approach used in this experiment. Thus, the results in themselves are unique 

and demonstrate that tailored composting of crude oil waste sludge with animal manure can 

generate a specialized and diverse microbial population that can achieve elevated crude oil 
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sludge degradation levels.  The active degrading bacteria generated were isolated, identified, 

and further characterized using molecular techniques to ascertain their versatile capabilities to 

degrade crude oil sludge individually or as a consortium to enable an informed decision in 

selecting. 

7.3 Isolation and Characterization of Bacteria Capable of Degrading Complex Crude Oil 
Waste Sludge generated from a Tailored Co-Compost. 
 

Microorganisms are essential agents in the bioremediation of contaminants in the environment, 

and the co-composting of crude oil sludge with animal manure generated a wide variety of 

bacteria that played a significant role in the degradation, digestion, metabolism, and 

transformation of crude oil refinery waste sludge into humus as well as inert products within 

the compost mixture.  Therefore, it is paramount to identify these bacteria as both cultivable 

and uncultivable. Remarkably, the isolation, identification, and characterization of these 

degrading bacteria have been reported in many studies (Katsivela et al., 2005; Atagana, 2008; 

Ubani et al., 2016). 

In this study, a microcosm based culture-dependent and culture-independent metagenomic 

approach were used to elucidate the nature of autochthonous microbial community structure in 

the co-compost mixtures. The diversity composition, identity, and degradation potential, either 

individually or as a consortium,  of the bacterial populations, was evaluated using cultural, 

molecular, and high throughput deep sequencing of 16S rRNA genes. 

Interestingly, the identified phyla and their successive genera have been isolated from 

petroleum-contaminated environments because of their unique capabilities to degrade 

polycyclic aromatic hydrocarbons (PAHs), which shows that they played vital roles in the co-

composting treatment (Lu et al., 2019; Ma et al., 2015).  Also, the genera isolated in this study 

with culture-dependent methods were the same genera identified using Illumina sequencing 
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(NGS), and they have been reported in many studies as PAH-degraders. The results obtained 

ultimately elucidates the bacteria community composition present in the compost mixture 

during the treatment period, and these experiments showed a comprehensive and comparative 

sequence analysis of bacterial diversity in each compost mixture amended with different animal 

manure. The sequences yielded the top 17 phyla, 42 class, 83 order, 162 families, and 359 

genera in all the sequenced samples.  Results showed that OTU richness from all samples 

ranged from 44 to 179, as recorded in Table 4.6.  

With the metagenomics analysis, essential detailed information on the dominant microbial 

diversity directly from the co-composted samples was extensively revealed. It was observed 

that phylum Proteobacteria were relatively abundant in all samples and the most dominant 

while the least observed phylum was the Bacteroidetes. The results further revealed that sample 

PM and SM were unique because they harboured all the top 4 dominant phyla (Proteobacteria, 

Actinobacteria, Firmicutes, Bacteroidetes, and minor phyla (unclassified) in different 

proportions. The results agreed with the report by Adam et al. (2017) and  Meerbergen et al. 

(2017), with pyrene degradation and textile wastewater, which showed that Proteobacteria 

were the most dominant.  The phyla Proteobacteria, Firmicutes, and Actinobacteria have been 

recorded in many studies, in different relative abundances and treatment stages of a petroleum 

refinery, industrial wastewater treatment plant, and steel industry (Sekar et al., 2014; Tao et al., 

2016). The top dominant community in this study were those of proteobacteria affiliated to 

genera such as Sphingomonas sp., Pseudomonas sp., Burkholderia-Paraburkholderia sp., 

Afipia sp., Acidibacter sp., Delftia sp., Bradyrhizobium sp., Parvibaculum sp., Achromobacter 

sp., Sphingobium sp., Rhodanobacter sp., Klebsiella sp., Cupriavidus sp., Stenotrophomonas 

sp., Pseudoxanthomonas sp., and Methylobacterium sp., followed by Actinobacteria with 

genera such as Microbacterium sp., Propionibacterium sp., Micrococcus sp. and Rhodococcus 

sp.. In contrast, Firmicutes was affiliated to genera Bacillus sp., Staphylococcus sp., 
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Enterococcus sp., Lachnoclostridium sp., Oscillibacter sp., Sedimentibacter sp. (Zhao et al., 

2009; Lu et al., 2019).  The observed dominance of γ, β, α Proteobacteria in this study is in 

agreement with many other studies carried out on divers hydrocarbon-rich environments such 

as natural oil deposits, asphalt, crude oil, oil sand, oil-contaminated water, soil, and sludge 

(Sarkar et al., 2016; Smith et al., 2015). 

The results also revealed that co-composting of crude oil waste sludge with different animal 

manures harboured higher microbial diversity capable of degrading complex crude oil waste 

sludge. The degradation of crude oil sludge components by these active bacteria consortia was 

through the production of enzymes, biosurfactants, and utilization of hydrocarbons as a source 

of carbon and energy to survive, as shown by the characteristic assay performed on them, such 

as the degradability-screening test with 2,6-DCPIP. The degrading bacteria were examined for 

their possession of the PAH catabolic gene; as such, they were sequenced with catechol 2,3-

dioxygenase (cbzE gene) primers.  The results showed that 72.27% of the consortium isolates 

possessed the PAH-catabolic gene/genotypes.  

When reviewing the factors that influence the relative abundance of bacteria in different 

composting treatment samples, the most dominant factor was; 1. Availability of PAHs and 

animal manures, where PAHs were used as the source of carbon and energy for bacterial growth 

and activities, nutrients from animal manure were used to stimulate bacterial growth and 

activities in all treated samples. 2. The capability of degrading bacteria to utilize the nutrients 

or PAHs and their intermediates/metabolites in their metabolic/growth activities (Plaizier et al., 

2017; Plaizier et al., 2017).  

The effect and influence of the bacterial community on the reduction of crude oil sludge 

(PAHs) in enrichment culture treatment were analysed, and the results obtained in Table 4.8 

showed that the bacterial community played a significant role in the reduction and degradation 
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of PAHs present in crude oil waste sludge. The results agreed with the study by Shahriari 

Moghadam et al. (2014),  Adams et al. (2016), Xu et al. (2016), and Adam et al. (2017), that 

analysed the contribution of bacterial community to the degradation of pyrene in a compost 

mixture which was proven by the formation of CO2 as end-product (Plaizier et al., 2017; 

Plaizier et al., 2017). 

From the results obtained this study, it can be concluded that the wide variety of bacteria 

identified were responsible for the degradation of crude oil refinery sludge components 

(selected PAHs, Tables 3.6 and 4.8). Furthermore, results obtained in 2,6 DCPIP assay, and 

Illumina analysis, the present study confirmed that; 1. Adapted bacteria were generated by co-

composting of crude oil sludge with animal manure such as pig/swine (SM), cow (CM), horse 

(HM), poultry (PM), even from the control sample (CT) that had no manure amendment. 2. 

They are bacteria species that have demonstrated their potential capability to degrade crude oil 

sludge (PAHs) as a consortium or individual strains. Most importantly, the type or class of 

bacteria isolated shows that their consortium could be highly effective for the degradation or 

bioremediation of highly recalcitrant compounds such as complex crude oil sludge.  

7.4 Development of an Active Bacterial Formulation for the Degradation of Complex 
Crude Oil Wastes Sludge 
 

In the previous study, tailored co-composting bioremediation of crude oil sludge with different 

animal manure under a laboratory condition (Ubani, 2012), it was reported that crude oil sludge 

residues constituents, mainly the HMW-PAHs, were not completely degraded in the compost 

piles after the co-composting. Thus, to enhance bioremediation of crude oil sludge, an active 

bacteria formulation was proposed. The active bacteria formulation proposed consisted of a 

carefully selected bacteria consortium with specialized capabilities, immobilized and modified 

to degrade both LMW and HMW PAHs present in complex crude oil sludge. The motivation 
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for the proposed formulation was in anticipation to improve bioremediation processes by 

addressing the challenges encountered during bioremediation such as low survival of bacteria 

population introduced due to harsh environmental conditions as well as deficiency of nutrients 

to stimulate the growth and activities of microbial population, and effectively shorten the 

response time for crude oil sludge degradation.  

Thus, considering the formulations' requirements, the selected degrading bacteria were those 

isolated from co-compost piles with specific metabolic capabilities to degrade various 

components of petroleum hydrocarbons of low/high molecular weight PAHs to less harmful 

products and utilize them as their carbon source (Katsivela et al., 2005). They were 

characterized as described in Chapter Four, Figures 4.12-4.16 and Tables 4.2 – 4.4, and the 

selection was based on their active physiology, metabolic heterogeneity, synergy, and 

functional dynamics (Bayoumi, 2009; Vázquez et al., 2013; Alrumman et al., 2015; Blyth et 

al., 2015; Shoeb et al., 2015; Lim et al., 2016; Patowary et al., 2016; Parthipan et al., 2017; 

Jardine et al., 2018). Their multi-degradative properties revealed that they could efficiently 

utilize any substrates or metabolites for growth and activity (Patowary et al., 2016). These 

bacteria selected belonged to two classes: (1) those spore-forming and (2) those that are non-

spore-forming. The spore-forming group selection was based on their ability to survive harsh 

environments such as deficient nutrients, high temperatures, ionizing radiations, mechanical 

abrasion, desiccation, and pH extremes (Ardakani et al., 2010; Lanzilli et al., 2016). The non-

spore-forming group selection was because they produce mycolic acids and trehalolipids that 

protect and preserve their shelf life and shield their membrane hydrophobicity from harsh 

environmental conditions. They also solubilize and digest hydrophobic substrate, making them 

bioavailable for their growth and activities (Owsianiak et al., 2009; Esin et al., 2013; Masy et 

al., 2016; Bertel-Sevilla et al., 2020).  The selected bacteria strains (both spore-formers and 

non-spore formers) strive to grow and survive by overcoming environmental stresses, such as 
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low/high temperature, low water content, pH, salinity, deficiency of nutrients, presence of toxic 

solvents or pollutants. Thereby utilizing their strong diverse enzymatic and metabolic 

degradation capabilities, which concomitantly bio-transforms multiple hydrocarbons of LMW 

and HMW under any environmental condition (Brzeszcz & Kaszycki, 2018). These features 

made them special for the bacteria formulation, as they possess potential advantages to degrade 

a wide range polycyclic aromatic hydrocarbons (Masy et al., 2016). As a consortium, they are 

more effective in the biodegradation of pollutants than single pure cultures, possibly because 

of their cooperative metabolic capabilities, which is a significant advantage of the consortium 

(Patel et al., 2018), since the intermediates produced by some bacteria during pollutant 

metabolism serves as a substrate to others for growth and activity in the same system 

(Kuppusamy et al., 2016). 

In preparation for the active bacterial formulation, corncob powder was used as a carrier to 

immobilized bacteria cells because of its potentials to increase stability and interaction between 

bacterial populations and contaminants (Wei et al., 2015; Dzionek et al., 2016). Corncob is 

highly perforated, providing enough attachment space for the adsorption or binding on the 

surface for bacteria immobilization. It maintained a high-water holding capacity, also acted as 

a bulking agent in the treatment system for aeration during bioremediation (Deng et al., 2016; 

Dzionek et al., 2016). 

Corncob is an abundant raw material commercially available as agricultural and food waste 

and have been used severally as an immobilizer-carrier matrix (Wei et al., 2015; Deng et al., 

2016; Dzionek et al., 2016). It contains glucide and cellulose, a source of carbon and nutrients 

for bacteria to produce extracellular substrates such enzymes and polysaccharides, thus, serves 

as a suitable cell immobilizer matrix (Xu et al., 2009; Lee et al., 2010; Jain et al., 2013). 

Therefore, corncob powder choice as a carrier material depended on the proposed 

bioremediation technique. Corncob powder served as carrier material and then as a nutrient 
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source for crude oil sludge degrading bacteria for low nutrients or deficiency (Simons et al., 

2013). 

In this study, bacterial cell immobilization on corncob powder was the most preferred method 

for developing the active bacteria formulation, allowing the bacteria to perform better while 

limiting the mobility of bacteria cells, enhancing their viability and metabolic functions (Liu et 

al., 2015).   

The SEM image confirmed that cells were firmly immobilized on the corncob powder (Figures 

5.5 and 5.6), such indicated that the surface area of corncob powder has a favourable condition 

for adsorption and survival of bacterial cells. These thus enhanced the stability and viability of 

immobilized cells, which is also essential to improve bioremediation processes (Chakraborty 

et al., 2015; Dzionek et al., 2016).  

The immobilization of degrading bacteria cells on corncob powder stands as the formulation, 

the viability and shelf life were evaluated before and during storage at room temperature for 

packed and sealed samples. This helped to observe the changes in the number of colony-

forming units (CFUs) and determine the shelf life in months and viability during storage at 

room temperature. The formulation served as an improved survival material for cell viability 

and as a long shelf life for packed and sealed immobilized bacteria cells during storage at room 

temperature, a better strategy for bioremediation of crude oil sludge (Jayaraj et al., 2005; Hou 

et al., 2013; Simons et al., 2013; Wei et al., 2015; Dzionek et al., 2016).  

A well-known limiting factor in the degradation of crude oil sludge in the environment is a 

deficiency or low availability of inorganic nutrients such as N: P. Addition of N: P in the 

environment if lacking is essential to stimulate the biodegradation process (Simons et al., 

2013), and N: P was present in the corncob powder.  Remarkably, in this study, corncob powder 

was a vital agent incorporated to serve in different capacities such as the carrier material for 
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bacterial cell immobilization to the harbour, and protect them, source of nutrients in the form 

of elements and minerals necessary to sustain and stimulate bacterial growth and activities, 

viability, and shelf life of immobilized bacterial cells. Then, as a bulking agent for aeration and 

adsorption for easy contact with the bacterial cell and crude oil sludge. As envisaged in its 

capacity, when mixed with the soil or crude oil sludge, it loosens the material compactness to 

provide sufficient aeration require by bacteria, thereby improve their metabolic activities, 

which eventually enhanced bioremediation of crude oil sludge (Deng et al., 2016; Dzionek et 

al., 2016; Raimi, 2017).  

In this study, it can be resolved that the bacteria strains used for the formulation are those 

responsible for the degradation of crude oil sludge and its components present in the compost 

piles (Tables 3.6 and 4.8). They are revealed to possess strong, diverse metabolic degrading 

capabilities and can simultaneously bio-transform multiple hydrocarbons of LMW and HMW 

under any environmental condition (Brzeszcz & Kaszycki, 2018). They are also efficient 

enzyme and biosurfactant producers on petroleum hydrocarbon medium; they synthesize 

extracellular enzymes such as polysaccharides-degrading enzymes, lipase, cellulase, amylase, 

and protease, which catalyse a wide variety of synthetic reactions and utilize aromatic 

substrates (PAH-degradation). 

High counts (CFUs) of bacteria in the formulation during storage indicated that the nutrient 

elements were essential for bacterial growth and metabolic activity, viability, shelf life, and 

ready for PAH-biodegradation activities. Thus, the efficacy of the developed active bacteria 

formulation on improving biodegradation of complex crude oil waste sludge was tested, which 

focused on effectively shortening the response time of bacteria to engage in biodegradation of 

crude oil sludge in a contaminated environment, and the applicability of the formulation.  
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7.5 Application of the Active Bacterial Formulation to Degrade Complex Crude Oil 
Wastes Sludge 
 

This experiment applied the active bacteria formulation, which consisted of carefully selected 

bacteria strains with specialized capabilities, immobilized on corncob powder to degrade the 

complex crude oil sludge. The formulations were prepared with a mixture of soil and crude oil 

sludge treatments and were incubated at room temperature for 90 days. The treatments were 

monitored for microbial activities, and after 90 days, the composition of the active degrading 

bacteria community was analysed using culture-dependent and culture-independent approaches 

to elucidate the autochthonous microbial community present. The diversity composition was 

determined by high throughput deep sequencing of 16S rRNA genes (Illumina MiSeq next-

generation sequencer). The formulations effect to degrade complex crude oil refinery waste 

sludge was measured by determining the PAHs residual concentrations. After the treatment, 

the treated soil-oil sludge was tested on sweet bell pepper plants to determine their safe disposal 

in the environment. Also, the effect of the untreated complex crude oil waste sludge was 

compared with that of the treated active bacteria formulation soil-oil sludge by application on 

sweet bell pepper plants in a greenhouse set-up.  

The results obtained elucidates the bacteria community composition present during the 

treatment period. Phylum Actinobacteria were relatively abundant in all samples and the most 

dominant while the least phylum was the Bacteroidetes. The results further revealed that the 

samples were unique because they harboured all the top 4 dominant phyla, Actinobacteria, 

>Proteobacteria, >Firmicutes, and Bacteroidetes, in different proportions. The observed 

presence of γ, β, α Proteobacteria in this experiment was because of the divers hydrocarbon-

richness of crude oil sludge (Smith et al., 2015; Sarkar et al., 2016).  The genera identified in 

this present experiment using culture-dependent methods are PAH-degrader, and they were the 

same genera identified using Illumina sequencing (NGS). Their unique capabilities to degrade 
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PAHs showed that they played vital roles in the bioremediation of crude oil sludge (Ma et al., 

2015; Lu et al., 2019). 

It is significant to note that more bacteria genera identified in this application experiment with 

active bacteria formulation differ from the bacteria strains identified in the co-compost 

experiment to raise bacteria strains selected for the active bacteria formulation. The genera 

composition shift or differentiation in this experiment was attributed to nutrient or carbon 

sources used for the experiment, such as the presence of corncob powder, crude oil sludge, 

glycerol (1%), and soil. This change in bacteria community composition maybe because of 

symbiosis and bacteria competing for the utilization of different carbon sources and their 

adaptation to favourable or adverse environmental conditions (pH, temperature, and salinity). 

Thus, corncob powder and crude oil sludge were considered the influential carbon source or 

specific substrate for degrading bacteria. This is because the composition observed in this 

experiment suggests that they have influenced the transformation and dominance of bacteria 

strain with more vital capabilities to degrade crude oil sludge in the treatment piles that resulted 

in PAH-residual concentration Tables 6.1 and 6.2. Therefore, corncob powder either as a carrier 

material or bulking agent, and crude oil sludge is recommended as a specific carbon or substrate 

source. This recommendation was prompted by the results obtained from these experiments. 

These corncob powder and crude oil sludge influenced the bacteria community composition in 

this experiment and the relative abundance of the bacteria strains used for the active bacteria 

formulation, possibly why most of the selected bacteria consortium were not among the top 40 

genera on the heatmap, even though they were present and detected in the treatments samples 

but had low relative abundance (Figures 6.10 and 6.11). These factors agree with the study 

conducted by Zdarta et al., (2016); their findings suggested that different carbon sources and 

specific substrates influence bacteria dominance and relative abundance. 
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In liquid culture samples (U4 and U5, Table 6.2), with and without 1% Tween 80 amendment, 

there was no significant difference in the PAH-residual concentration of crude oil sludge 

degradation in the samples. However, a transformation in bacteria strains was also observed, 

indicating that specific carbon or substrate sources influenced them. It was exciting to note that 

specific carbon or substrate source was the reason for Lactobacillus sp. (46.6%) and 

Clostridium sp. (39.2%), detection only in sample U6 ranging in abundance scale of 10>. They 

may be responsible for the degradation of PAHs in samples U6 (Table 6.1) when other bacteria 

strains were distributed in different proportions in other samples (Figure 6.11).   

The sweet bell pepper plant (Capsicum Annuum), an edible perennial tropical crop (Vidigal et 

al., 2011; Ashilenje, 2013), was chosen as a bioindicator for the toxicity test because of the 

rapid structural changes the plant exhibits; thus, it was easy to notice changes on the plant due 

to the toxic effects of PAH accumulation. The sweet bell pepper plant is not new for 

phytoremediation experiments. It has been used for bioremediation studies on crude oil 

contaminated soil by Raimi, (2017). Excitingly, in this experiment, the plants grew on crude 

oil sludge amended soil; therefore, they could be recommended for phytoextraction 

experiments. Since the shallow, extensive, widely branched, fibrous large-surface area roots 

system can fix nitrogen and has proven to take up PAHs revealing their phytoextraction ability 

in the process (Gough, 2001; Raimi, 2017) (Tables 6.4 and 6.5). The treated soil-oil sludge 

showed no adverse effect on the sweet bell pepper plant, and no PAH was detected in fruits; 

therefore, the treated soil-oil sludge is suggested to be safe for disposal at that PAH 

concentration level (Table 6.5). 

From the results obtained in this study (Tables 6.1 and 6.2), it was concluded that the challenges 

such as survival of microbial community with degrading capabilities and nutrient deficiency in 

the treatment system were addressed, and crude oil sludge degradation was achieved within 90 

days compared to 10 months in the previous study.  
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Thus, the aim of this study to improve bioremediation and effectively shorten the response time 

for crude oil sludge degradation was achieved: (1) by stimulating the metabolic activities of 

different bacteria strains via modification of the physicochemical conditions in the treatment 

system, (2) with corncob powder as a bulking agent containing multiple nutrients, (3) with the 

help of the active bacteria formulation containing the carefully selected bacteria consortium 

with specialized metabolic capabilities that initiated the degradation of crude oil sludge. 

According to the screening processes described in Chapter Four, these bacteria strains were 

selected because they possess enhanced capabilities to tolerate harsh environmental conditions 

and create a faster reaction in improving the bioavailability of contaminants to microorganisms 

for the degradation of target contaminants (Wei et al., 2015). The treatment effect was 

evaluated via bacteria community composition and relative abundance and PAH-residual 

(concentration.) level. The results revealed a relative abundance in bacteria composition and 

transformation change in contact with a different carbon source; eventually, improved 

bioremediation was observed with the class of bacteria strains that were stimulated in the 

process to degrade crude oil sludge. Thus, this strategy was regarded as an effective 

bioremediation option. Simultaneously, the drastic change, competition, antagonism, and shift 

in bacteria community composition emerged because of the availability of different carbon 

sources within the treatment system. 

The results obtained and the microbial community composition shows the possibilities to 

exploit the activities and synergic interplay of selected and diverse indigenous bacteria 

communities to improve the field bioremediation of crude oil sludge.  

The synergic relationship between the identified bacterial strains has been established, and their 

metabolic capabilities are evident such as the possible utilization of hydrocarbon as a carbon 

source or specific substrate, ability to grow under oxic/anoxic condition, utilization of multiple 

electron acceptors, growth under adverse environmental conditions such as different pH and 
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temperature ranges, and simultaneous production of biosurfactant for 

solubilization/emulsification in the same system during their growth. These features have 

enabled the adaptation and survival of the type of bacteria communities and PAHs-residual 

reduction observed in this study. In the present experiment with the active bacteria formulation, 

there was a vast difference in the time spent to achieve results, a reduced incubation time, from 

10 months previously to 90 days presently.  

7.6 Recommendations 
 

1. Comprehensive gene analysis is needed on the transformation, succession, and shift in the 

diverse microbial community composition during the treatment of crude oil sludge in this 

type of experimental set-up. This may be useful to isolate and clone the specific and 

specialized genes stimulated during the experiment to improve bioremediation of 

contaminated sites using such cloned organisms.   

2. The use of corncob powder either as a carrier material or bulking agent in crude oil sludge 

treatment could be recommended as a specific carbon or substrate source; this 

recommendation was prompted by the results obtained in these experimental analyses. The 

corncob powder is high in nutritional content such as organic matter, carbon, nitrogen, 

phosphorus, potassium, and many other trace elements. Thus, corncob powder could be 

considered an influential carbon source or specific substrate for crude oil sludge degraders 

because of the bacteria composition observed in this experiment. The bacteria composition 

observed suggests that corncob powder may have influenced the transformation and 

dominance of bacteria strain with more vital capabilities to produce enzymes and 

biosurfactant, and possession of catechol-2, 3-dioxygenase genes, to degrade crude oil 

sludge in the treatments that resulted in elevated PAH- concentration reduction within a 

short treatment period. 
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3. Furthermore, most OTUs for the Class; Proteobacteria_unclassified, 

Bacteria_unclassified, Bacteroidetes_unclassified, Firmicutes_unclassified, phyla 

Bacteria_unclassified and genus; Bradyrhizobiaceae_unclassified, 

Sphingomonadaceae_unclassified, Corynebacteriales_unclassified, 

Enterobacteriaceae_unclassified, Rhizobiales_unclassified, Unclassified_bacteria that 

were identified in most of the samples were not classified from class to genus level, and 

this suggests that they may stand out as novel bacterial species and needs more research on 

them, to investigate their capabilities in bioremediation technology. 

4. The sweet bell pepper plant has proven its phytoextraction ability and therefore, has been 

recommended for phytoextraction experiments since the plant has shallow, extensive, 

widely branched, fibrous large-surface area roots system with a few tap roots that penetrate 

deep for growth and development, the root can fix nitrogen and take up PAHs in the 

process. This plant was chosen as a bioindicator for the toxicity test because of the rapid 

structural changes the plant exhibits; thus, it was easy to notice changes on the plant due to 

PAH accumulation's toxic effects. 
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Appendix A 
The isolates listed are the sequencing blast results as compared on the NCBI GenBank 
(database). 
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  Sample Names/Codes:  Closet strain % 
similarity 

CO102 Bacillus pumilus partial 16S rRNA gene, isolate EI-24-8 77% 
CO111 Microbacterium hominis strain DSM 12509 16S ribosomal 

RNA gene 
99% 

CO13 Bacillus sp. 39endo partial 16S rRNA gene, strain 39endo 
 

99% 

CO15 Paenibacillus sp. K619 16S ribosomal RNA gene 
 

99% 

CO16 Bacillus safensis strain S-I10 16S ribosomal RNA gene 
 

99% 

CO17 Paenibacillus sp. K619 16S ribosomal RNA gene 
 

99% 

CO20 Rhodococcus equi strain ushuaia 16S ribosomal RNA gene 
 

99% 

CO3 Bacillus pumilus strain TCD56.5 16S ribosomal RNA g 
 

99% 

CO3i Bacillus zhangzhouensis strain APBSIITMB23 16S 
ribosomal RNA gene 

 

99% 

CO41 Bacillus subtilis gene for 16S 
 

99% 

CO82II Bacillus pumilus strain c10 16S 
 

97% 

CT10 Enterococcus mundtii strain Tni-9 16S ribosomal RNA gene 
 

99% 

CT121 Sanguibacter soli strain DCY22 16S ribosomal RNA gene 
 

99% 

CT122 Gordonia sp. strain N-6-2 16S ribosomal RNA gene 
 

99% 

CT122* Gordonia sp. strain N-6-2 16S ribosomal RNA gene 
 

99% 

CT12B Gordonia sp. strain N-6-2 16S ribosomal RNA gene, partial 
sequence 

 

99% 

CT1A Rhodococcus sp. strain A23 16S ribosomal RNA gene 
 

99% 

CT1B Bacillus safensis strain S-I10 16S ribosomal RNA gene 
 

99% 

CT21 Microbacterium hominis strain DSM 12509 16S ribosomal 
RNA gene 

 

98% 

CT22 Burkholderia lata strain 383 16S ribosomal RNA gene 
 

99% 

CT23 Burkholderia cenocepacia strain ESS9 16S ribosomal RNA 
gene 

 

99% 
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CT51 Microbacterium hominis strain DSM 12509 16S ribosomal 
RNA gene 

 

97% 

CT55 Microbacterium hominis strain DSM 12509 16S ribosomal 
RNA gene 

 

99% 

CT6A* Gordonia amicalis strain 6-1 16S ribosomal RNA gene 
 

99% 

CT71B Sanguibacter soli strain DCY22 16S ribosomal RNA gene 
 

99% 

H1 Bacillus safensis strain S-I10 16S ribosomal RNA gene 99% 
H10 Rhodococcus equi strain ushuaia 16S ribosomal RNA gene 99% 
H11 Pseudomonas sp. SMB12 partial 16S rRNA gene 99% 
H11A Pseudomonas sp. K2DN344 16S ribosomal RNA gene 100% 
H121 Rhodococcus hoagii strain DSSKP-R-001 chromosome 99% 
H131 Pseudomonas stutzeri partial 16S rRNA gene 99% 
H18 Pseudomonas stutzeri strain WWvii23 16S ribosomal RNA 

gene 
99% 

H3 Clostridium sordelli strain MJJ0609-3-1 16S ribosomal 
RNA gen 

100% 

H4A Cellulosimicrobium funkei strain NPZ-121T 16S ribosomal 
RNA gene 

99% 

H4B Rhodococcus sp. SH05-06 16S ribosomal RNA gene 100% 
H4C Rhodococcus sp. strain A23 16S ribosomal RNA gene 99% 
H4C* Rhodococcus sp. Q5 16S ribosomal RNA gene 99% 
H53 Microbacterium hominis strain DSM 12509 16S ribosomal 

RNA gene 
99% 

H92 Bacillus pumilus strain MK1 16S ribosomal RNA gene 92% 
H92* Burkholderia cepacia strain FC2980 16S ribosomal RNA 

gene 
99% 

H93 Burkholderia paludis strain MSh1 16S ribosomal RNA gene 99% 
H93* Burkholderia paludis strain MSh1 16S ribosomal RNA gene 99% 
HC10 Micrococcus aloeverae strain OAct925 16S ribosomal RNA 

gene 
99% 

HC111 Bacillus simplex strain YNC-4 16S ribosomal RNA gene 100% 
HC1A Rhodococcus sp. strain A23 16S ribosomal RNA gene 99% 
HC1A* Rhodococcus sp. S2 16S ribosomal RNA gene 99% 
HC1B Microbacterium hominis strain DSM 12509 16S ribosomal 

RNA gene 
99% 

HC1B* Microbacterium hominis strain DSM 12509 16S ribosomal 
RNA gene 

98% 

HC2 Bacillus sp. (in: Bacteria) strain RS11 16S ribosomal RNA 
gene 

99% 

HC7B Bacillus pocheonensis strain BAB-1838 16S ribosomal 
RNA gene 

99% 

HC8 Microbacterium dextranolyticum strain IHBB 9212 16S 
ribosomal RNA gene 

99% 

HC93 Rhodococcus sp. S2 16S ribosomal RNA gene 99% 
HC96 Microbacterium sp. JCM 28711 gene for 16S ribosomal 

RNA 
99% 

HCB Microbacterium hominis strain DSM 12509 16S ribosomal 
RNA gene 

96% 



408 
 

OS21 Bacillus thuringiensis strain AKY_6 16S ribosomal RNA 
gene 

100% 

OS21* Bacillus sp. 6108 16S ribosomal RNA gene 98% 
OS5* Bacillus sp. (in: Bacteria) strain RS11 16S ribosomal RNA 

gene 
99% 

PI1 Bacillus atrophaeus strain BL2 16S ribosomal RNA gene 99% 
PI10 Bacillus sp. IHB B 3571 16S ribosomal RNA gene 99% 
PI104 Bacillus sp. (in: Bacteria) strain IU32(12) 16S ribosomal 

RNA gene 
96% 

PI113 Burkholderia paludis strain MSh1 16S ribosomal RNA gene 99% 
PI12 Burkholderia paludis strain MSh1 16S ribosomal RNA gene 99% 
PI13 Burkholderia sp. Strain jx-04 16S ribosomal RNA gene 85% 
PI132A Burkholderia paludis strain MSh1 16S ribosomal RNA gene 99% 
PI132B Ochrobactrum sp. LJJS1-2 16S ribosomal RNA gene 100% 
PI14 Bacillus fusiformis strain LL 58 16S ribosomal RNA gene 99% 
PI16 Lysinibacillus fusiformis strain PP68 16S ribosomal RNA 

gene 
99% 

PI17 Rhodococcus equi strain 408shuaia 16S ribosomal RNA 
gene 

99% 

PI18 Rhodococcus sp. CHNTR32 16S ribosomal RNA gene 99% 
PI19 Rhodococcus sp. Y22 16S ribosomal RNA gene 99% 
PI21 Rhodococcus sp. CHNTR32 16S ribosomal RNA gene 99% 
PI21* Rhodococcus sp. CHNTR32 16S ribosomal RNA gene 100% 
PI3 Bacillus atrophaeus strain BL2 16S ribosomal RNA gene 99% 
PI4 Microbacterium sp. Strain MPR-AND1B 16S ribosomal 

RNA gene 
99% 

PI7 Burkholderia paludis strain MSh1 16S ribosomal RNA gene 99% 
PO101 Bacillus sp. YAS1 16S ribosomal RNA gene 99% 
PO111 Rhodococcus sp. Strain Actino-53 16S ribosomal RNA gene 99% 
PO12 Burkholderia paludis strain MSh1 16S ribosomal RNA gene 99% 
PO122 Lysinibacillus fusiformis strain Lr11/1 16S ribosomal RNA 

gene 
99% 

PO124 Lysinibacillus sp. Strain Firmi-74 16S ribosomal RNA gene 100% 
PO141 Rhodococcus corynebacterioides strain DSM 20151 16S 

ribosomal RNA 
100% 

PO141* Rhodococcus corynebacterioides strain DSM 20151 16S 
ribosomal RNA 

99% 

PO142II Burkholderia paludis strain MSh1 16S ribosomal RNA gene 99% 
PO144 Clostridium sordelli strain MJJ0609-3-1 16S ribosomal 

RNA gene 
99% 

PO182 Clostridium sordelli strain MJJ0609-3-1 16S ribosomal 
RNA gene 

99% 

PO193A Bacillus zhangzhouensis strain LA023 16S ribosomal RNA 
gene 

99% 

PO193* Bacillus zhangzhouensis strain APBSIITMB23 16S 
ribosomal RNA gene 

99% 

PO1i Arthrobacter sp. Cr2 16S ribosomal RNA gene 99% 
PO243 Bacillus pumilus strain TCD56.5 16S ribosomal RNA gene 99% 
PO25 Burkholderia sp. TSH27 gene for 16S ribosomal RNA 80% 
PO271 Clostridium sordelli strain MJJ0609-3-1 16S ribosomal 

RNA gene 
98% 

PO292 Bacillus fusiformis strain LL 58 16S ribosomal RNA gene 99% 
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PO292A Lysinibacillus fusiformis strain Lr11/1 16S ribosomal RNA 
gene 

100% 

PO293 Bacillus sp. L75 16S ribosomal RNA gene 99% 
PO293a Burkholderia cenocepacia strain ESS9 16S ribosomal RNA 

gene 
99% 

PO294B Burkholderia paludis strain MSh1 16S ribosomal RNA gene 99% 
PO299 Bacillus sp. L75 16S ribosomal RNA gene 99% 
PO32 [Clostridium] sordellii partial 16S Rrna gene 98% 
PO321 Bacillus megaterium strain CDK25 16S ribosomal RNA 

gene 
99% 

PO341 Pseudarthrobacter oxydans strain LCX2 16S ribosomal 
RNA gene 

99% 

PO35 Sporosarcina sp. BYMS04 16S ribosomal RNA gene 99% 
PO41 Dietzia sp. Strain PRIM-49 16S ribosomal RNA gene 100% 
PO42 Dietzia sp. A14101 16S ribosomal RNA gene 99% 
PO42A Dietzia sp. A14101 16S ribosomal RNA gene 100% 
PO42B Dietzia sp. Strain PRIM-49 16S ribosomal RNA gene 99% 
PO43 Sporosarcina sp. BYMS04 16S ribosomal RNA gene 99% 
PO44 Staphylococcus sp. Strain Firmi-16 16S ribosomal RNA 

gene 
99% 

PO45 Staphylococcus succinus subsp. Succinus gene for 16S 
ribosomal RNA 

100% 

PO47 Sanguibacter sp. M2T8B10 16S ribosomal RNA gene 99% 
PO47* Sanguibacter sp. P4 16S ribosomal RNA gene 100% 
PO48 Dietzia sp. Strain PRIM-49 16S ribosomal RNA gene 99% 
PO49A Lysinibacillus xylanilyticus gene for 16S Rrna 99% 
PO49B Lysinibacillus pakistanensis strain NCCP-54 16S ribosomal 

RNA gene 
99% 

PO50 Rhodococcus sp. TPH-S8 16S ribosomal RNA gene 99% 
PO50A* Rhodococcus sp. TPH-S8 16S ribosomal RNA gene 99% 
PO51* Dietzia sp. L21-PYE-C8 16S ribosomal RNA gene 99% 
PO52 Clostridium sordelli strain MJJ0609-3-1 16S ribosomal 

RNA gene 
96% 

PO54 Microbacterium sp. JJD-1 16S ribosomal RNA gene 99% 
PO54A Microbacterium sp. JJD-1 16S ribosomal RNA gene 99% 
PO62 Streptomyces sp. FZ42 16S ribosomal RNA gene 99% 
PO7 Lysinibacillus xylanilyticus gene for 16S Rrna 99% 
CO103  Microbacterium sp. MF10_Ca partial 16S Rrna gene, isolate 

R-MF10_Ca 
100% 

CO11i Rhodococcus sp. AMF3817 16S ribosomal RNA gene, 
partial sequence 

94.41% 

CO12 Paeniclostridium sordellii strain A3 16S ribosomal RNA 
gene, partial sequence 

99.15% 

CO21 [Brevibacterium] frigoritolerans strain 4 16S ribosomal 
RNA gene, partial sequence 

100% 

CO21* Bacillus simplex strain IARI-MB-5 16S ribosomal RNA 
gene, partial sequence 

99.19% 

CO62 Microbacterium sp. Strain MPR-AND1B 16S ribosomal 
RNA gene, partial sequence 

99.85% 

CO71 Microbacterium laevaniformans strain P13-A9 16S 
ribosomal RNA gene, partial sequence 

99.85% 

CO9 Microbacterium hominis strain HAOB_M4 16S ribosomal 
RNA gene, partial sequence 

98.99% 
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H151 Sphingomonas sp. IMER-A1-23 16S ribosomal RNA gene, 
partial sequence 

99.50% 

H81 Paeniclostridium sordellii strain 817CL 16S ribosomal RNA 
gene, partial sequence 

99.35% 

HC10a Micrococcus luteus strain INBI-1-16 16S ribosomal RNA 
gene, partial sequence 

99.64% 

HC7A Rhodococcus sp. strain A23 16S ribosomal RNA gene, 
partial sequence 

100% 

HC7C Rhodococcus erythropolis strain LZ1312-1-23 16S 
ribosomal RNA gene, partial sequence 

99.88% 

HC92 Cellulosimicrobium funkei strain R6-417 16S ribosomal 
RNA gene, partial sequence 

99.88% 

HC94 Cellulosimicrobium sp. TUT1222 gene for 16S rRNA, 
partial sequence 

99.88% 

HC95 Cellulosimicrobium sp. A.c1 16S ribosomal RNA gene, 
partial sequence 

99.86% 

HCC Microbacterium sp. NIASMR9 gene for 16S ribosomal 
RNA, partial sequence 

99.70% 

OS11 Bacillus sp. AB208f partial 16S rRNA gene, isolate AB208f 99.53% 
OS3* Bacillus safensis strain MX-3 16S ribosomal RNA gene, 

partial sequence 
99.65% 

OS4* Bacillus sp. (in: Bacteria) No3743 gene for 16S ribosomal 
RNA, partial sequence 

99.77% 

OS6* Bacillus sp. S22719 16S ribosomal RNA gene, partial 
sequence 

99.76% 

PI20 Rhodococcus hoagii strain NEHU.LSSRJ.14 16S ribosomal 
RNA gene, partial sequence 

96.44% 

PI211 Actinobacteria bacterium strain 650-4.3 16S ribosomal RNA 
gene, partial sequence 

98.58% 

PI24 Microbacterium sp. strain JF5 16S ribosomal RNA gene, 
partial sequence 

99.84% 

PO125ET Bacillus velezensis strain F-30 16S ribosomal RNA gene, 
partial sequence 

99.64% 

PO125ETD Bacillus amyloliquefaciens strain GF-29 16S ribosomal 
RNA gene, partial sequence 

99.77% 

PO125N Bacterium Te70R 16S ribosomal RNA gene, partial 
sequence 

99.88% 

PO128A Microbacterium sp. NIASMR10 gene for 16S ribosomal 
RNA, partial sequence 

99.85% 

PO128B Microbacterium hominis strain HAOB_M3 16S ribosomal 
RNA gene, partial sequence 

99.56% 

PO129 Bhargavaea sp. 201802YP6 16S ribosomal RNA gene, 
partial sequence 

99.38% 

PO16 Microbacterium hominis strain MH 16S ribosomal RNA 
gene, partial sequence 

99.59% 

PO17 Clostridium sordelli strain MJJ0609-3-1 16S ribosomal 
RNA gene, partial sequence 

100% 

PO181 Cellulosimicrobium funkei strain NPZ-121T 16S ribosomal 
RNA gene, partial sequence 

100% 

PO242 Burkholderia sp. strain jx-04 16S ribosomal RNA gene, 
partial sequence 

100% 

PO243A [Clostridium] sordellii partial 16S rRNA gene, strain 
Marseille-P609 

97.34% 
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PO292i Burkholderia sp. R30 16S ribosomal RNA gene, partial 
sequence 

99.87% 

PO294A Bacillus safensis strain DMB33 16S ribosomal RNA gene, 
partial sequence 

99.75% 

PO331 Arthrobacter oryzae partial 16S rRNA gene, isolate 3B7 100% 
PO34 Bacillus pumilus strain C5DMVR 16S ribosomal RNA 

gene, partial sequence 
99.87% 

PO37 Sporosarcina luteola strain H3S5B4 16S ribosomal RNA 
gene, partial sequence 

100% 

PO38 Dietzia sp. strain PRIM-49 16S ribosomal RNA gene, 
partial sequence 

99.76% 

PO39 Dietzia maris strain 41 16S ribosomal RNA gene, partial 
sequence 

99.76% 

PO391 Dietzia maris strain AI6 16S ribosomal RNA gene, partial 
sequence 

99.87% 

PO399 Dietzia sp. strain JSM 1684051 16S ribosomal RNA gene, 
partial sequence 

99.87% 

PO39A Dietzia sp. 100N42-1 16S ribosomal RNA gene, partial 
sequence 

99.88% 

PO39i Dietzia sp. strain Alg238-R159 16S ribosomal RNA gene, 
partial sequence 

100% 

PO42c Dietzia maris strain P2-B10 16S ribosomal RNA gene, 
partial sequence 

99.87% 

PO42d Dietzia sp. strain A81/R-67710 16S ribosomal RNA gene, 
partial sequence 

100% 

PO4ii Staphylococcus succinus strain N104 16S ribosomal RNA 
gene, partial sequence 

99.25% 

PO50A Rhodococcus sp. 44A-2 partial 16S rRNA gene, isolate 
44A-2 

100% 

PO51A Dietzia sp. strain A4-22 16S ribosomal RNA gene, partial 
sequence 

99.85% 

PO53 Microbacterium sp. strain MPR-R2A2 16S ribosomal RNA 
gene, partial sequence 

99.69% 

CT112 Sanguibacter sp. B14-PCA-PT2P21 16S ribosomal RNA 
gene, partial sequence 

99.75% 

CT52 Burkholderia cenocepacia strain ESS9 16S ribosomal RNA 
gene, partial sequence 

99.53% 

CT52* Burkholderia paludis strain MSh1 16S ribosomal RNA 
gene, partial sequence 

99.41% 

CT61 Gordonia amicalis partial 16S rRNA gene, isolate 1N31 99.46% 
CT71A Sanguibacter soli strain DCY22 16S ribosomal RNA, partial 

sequence 
99.38% 

CT81A Sanguibacter soli strain BHU9 16S ribosomal RNA gene, 
partial sequence 

98.74% 

CT81B Sanguibacter marinus strain 1-19 16S ribosomal RNA, 
partial sequence 

96.94% 

CT91 Gordonia amicalis strain NR_59 16S ribosomal RNA gene, 
partial sequence 

99.75% 

CT91A Gordonia amicalis partial 16S rRNA gene, isolate 1B3 100% 
CT91* Gordonia sp. strain N-6-2 16S ribosomal RNA gene, partial 

sequence 
99.88% 

CT92 Sanguibacter sp. strain YM07 16S ribosomal RNA gene, 
partial sequence 

98.50% 
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†Sample Names/Codes describes the source of each isolate: CO = COW MANURE, CT = CONTROL,  
H = HORSE MANURE, PI = PIG/SWINE MANURE, PO = POULTRY MANURE, OS = OIL SLUDGE. 
 
 
 

Appendix B 
 

All these isolates mentioned have been allocated accession numbers (MK854826 CO111- 
MK854993 CT92) (In press/unpublished, 2019/2020) from the GenBank. 

A copy of the revised files can be viewed at 
 
https://submit.ncbi.nlm.nih.gov/subs/?search=SUB5550301. 

Codes can be found at: ftp://ftp.ncbi.nlm.nih.gov/pub/taxonomy/coll_dump.txt. 

 

 

 

 

 

 

 

 

 

 

 

Co6 Variovorax sp. 16S ribosomal RNA gene, partial sequence 98.69% 
CT1 Brevibacterium sp.16S ribosomal RNA gene, partial 

sequence 
99.15% 

CT4 Ralstonia 16S ribosomal RNA gene, partial sequence 99.75% 
CT5 Geobacillus 16S ribosomal RNA gene, partial sequence 98.46% 


