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ABSTRACT 
Petroleum hydrocarbons (PHCs) are common site contaminants, but they are not generally regulated as 
hazardous wastes. TPH refers not only to analytical results, but also to environmental and health 
properties of PHCs. Biodegradation by natural populations of microorganisms represents one of the 
primary mechanisms by which petroleum and other hydrocarbon pollutants can be removed from the 
environment and is cheaper than other remediation technologies. The environmental implication 
associated with Drill cuttings and its unfriendly environmental treatment operation posed high threat to 
the human and the ecosystem. In quest to seek for more friendly treatment of drill cuttings biotic 
removal were opted for. The microbiological analyses of samples, which involved determination of Total 
heterotrophic Bacteria and Fungi number, the number of bacteria-degrading petroleum hydrocarbons 
and fungi in comparison to the resident TPH. Four substrate inhibition models (Haldane, Yano, Aiba and 
Edwards) were compared by fitting them to the experimental data using Matlab 8 version software. 
Curve fitting from the Matlabs was used to determine the model constant. The concentration of TPH and 
Microbial Load were determined every three weeks and validated using kinetic model. At 42 days of 
active removal of the TPH by THB (Yano Model), the HDF & HDB sparked up an effective increase in 
growth as displayed by Edwards Model. This can be as a result of more activities of Microbial load 
striving at lower concentration of contaminate & good succession habitat. The time duration for 
effective removal of Drill cuttings was 105 days with an optimum day at 42days (Removal efficiency of 
approximately 50%). The results indicated that the specific growth rate displayed a monotonic & linear 
relationship with TPH from Yano Model analysis. It was observed that Edward model; secondly Yano 
model fitted growth kinetic data better than Haldane and Aiba. The removal efficiency of 95.10 % was 
obtained on the 15 week indicating the efficiency and effectiveness of the process. Edwards Model 
displayed well defined typical growth phase for HDB and HDF best fitted than the other models. It can be 
concluded that HDB & HDF could be utilized to remove TPH from Drill Cutting. Correlation coefficiency of 
the degradation of TPH to Removal efficiency is -0.9936. Accounting for effectiveness of the biotic 
removal of TPH from the sample by microbial load. The biodegradation kinetics process in a plot of In 
TPHø against time was linear. The biodegradation kinetics process followed first order with a rate 
constant was observed to be 0.0657day-1. The correlation analysis of R2 for the TPH biodegradation 
kinetics process was also observed to be 0.8647, signifying linearity & positive correlations for the 
decrease in concentration as a function of time. Biodegradation isotherm was found to be minus unity 
expressing the opposite linear relationship between the concentration of the contaminant in the soil 
TPHø and the concentration degraded by the microbes TPHBcumulative at different time intervals for the 
removal period. Recommend further research on the removal of TPH from drill cutting using two 
bioreactors namely Batch Stirred Tank Reactor (BSTR) & Internal Loop Airlift Reactor (ILALR) and evaluate 
their performance. To identify the most active Heterotrophic microorganism and the hydrocarbon 
degradable organism responsible for removal of TPH.  
 
Keywords: Microbial load, specific growth rate, substrate inhibition constant, biodegradation isotherm, 

best  fit knetic model, total petroleum, hydrocarbon, drill cuttings 
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CHAPTER ONE 

INTRODUCTION 

1.1 BACKGROUND OF STUDY 

In pursuit for environmental friendly exploration and exploitation, it becomes 

imperative to consider strictly Nigeria oil and gas industries in her proactive 

compliance to stipulated regulations and achievement to sustainable 

development. In the past five decades, petroleum exploration and production 

activities have brought national economic boom but not without some aches. 

Acts of sabotage such as crude oil theft, pipeline bunkering and artisanal refining 

added to accidental spills and operational aggravate the oil-related aches. Oil spill 

into the environment, stemming from either acts of sabotage or operational 

failures, ultimately lead to environmental pollution with hydrocarbons [UNEP, 

2011; DHGSA 2009]. Petroleum mining or drilling is another factor to petroleum 

pollution to the environment. 

Petroleum exploration and production activities are strongly associated with 

drilling operations for oil mining. Accordingly, the extraction of petroleum 

resources from the earth is achieved by drilling activities. A developed drilling 

concept, irrespective of technological advancement, has its technical challenges, 

process requirements and environmental issues [Neff and Duxbury 2005]. 

There are a lot of litrerature works focusing on to biodegration with the use of 

fungi [Hestbjerg et al, 2003; Husaini et al, 2008; Sasek et al, 2003; Wieschie et al, 

2003; Zheng and Obbrard, 2001]. The majority of filamentous fungi are not 

capable to totally mineralize aromatic hydrocarbons; they only transform them 

into indirect products of decreased toxicity and performed susceptibility to 

decomposition with the use of bacteria. Some of the filamentous fungi 

participating in biodegradation of aliphatic are Cladosporium and Aspergillus, 

whereas fungi belonging to Cunningghamella, Penicillinu,, Fusarium, and 
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Aspergillus can take part in aromatic hydrocarbon decomposition. Prenafeta-

Boldu and his co-worker [Prenafeta-Boldu et al., 2001; Prenafeta-Boldu et al., 

2002] identified the possibility of mineralization of monoaromatic hydrocarbons 

(Benzene, Toluene, Ethylbenzene, and m-xylene-BTEX). Although, decomposition 

of Toluene, Ethylbenzene, and m-xylene were achieved by the introduction of 

Cladophialophoria sp. Whereas the application of Rhodococcus sp. resulted in 

significant mineralization of benzene. 

Most existing studies have concentrated on evaluating the factors affecting oil 

bioremediation or testing favored products and methods through laboratory 

studies [Mearns, 1997]. Only limited numbers of pilot scale and field trials have 

provided the most convincing demonstrations of this technology which have been 

reported in the peer-reviewed literature [Prince, 1993; Swannell, 1996; Venosa, 

1996; Venosa, 2002]. The effective combination of fungi and bacteria is profitable 

for the process of petroleum hydrocarbon mineralization [Teresa, 2012]. 

1.2 RESEARCH OBJECTIVES 

The objectives of this intensive study consisted of  

1. To determine the TPH, THB, THF, HDB & HDF from the drilling wastes (i.e 

spent OBM and drill cuttings) 

2. To assess the effectiveness and efficiency of the biotic degradation 

indicator of the oil-based mud and drill cuttings; generated during drilling 

operation by petroleum sector in Nigeria  

3. To establish the biokinetics model that best fit the degradation of TPH by 

microorganism and validates the model with prospective results from the 

research work. 

4. To determine the definite comparison of breakdown of TPH and to the 

total growth of the microorganism considering the Specific Growth Rate 

(Growth Kinetics). 
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5. Determine Time required to effectively breakdown the TPH contaminant 

from the drill cutting waste. 

6. Determine the Removal efficiency, Biodegradation Rate constant and the 

Biodegradation Isotherm. 

1.3 SIGNIFICANCE OF STUDY 

Considering the environmental threat OBM-DC is posing to the ambient 

environment and the most popular technique adopted for the treatment of OBM-

DC, which is thermal desorption and incineration. However, thermal treatment 

technologies are associated with prohibitive capital and occupational cost 

implications, threatening environmental consequences, in the addition to high 

occupational hazard and generation of secondary waste stream that has to be 

treated at extra high cost before final disposal.  The quest for alternative 

treatment of drilling waste that will speedily address the demand of the oil and 

gas sector in the management of these waste in terms of remediation target 

delivery time and compliance to regulatory standards in Nigeria; inspired the 

pursuit for this study. 

1.4 LIMITATION OF STUDY 

The limitations of this study are as follow; 

1. High cost of determining the physiochemical properties of the drilling 

waste before and after treatment 

2. Difficulty in acquiring and incubating the microorganism to be used for the 

study 

3. Availability of location for placing the pilot remediation from disturbances 

4. Certified and equipped laboratories are far from where the drill cuttings 

were collected.  
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CHAPTER TWO 

LITERATURES REVIEW 

2.1 DRILLING OPERATION 

Drilling operation involved into making hole into the earth surface to extract oil 

and gases as source of energy 

2.2 Drilling 

The well is created by drilling a hole 12 cm to 1 meter (5 in to 40 in) in diameter 

into the earth with a drilling rig that rotates a drill string with a bit attached. After 

the hole is drilled, sections of steel pipe (casing), slightly smaller in diameter than 

the borehole, are placed in the hole. Cement may be placed between the outside 

of the casing and the borehole. The casing provides structural integrity to the 

newly drilled wellbore, in addition to isolating potentially dangerous high 

pressure zones from each other and from the surface [wikipedia.org]. 

With these zones safely isolated and the formation protected by the casing, the 

well can be drilled deeper (into potentially more-unstable and violent formations) 

with a smaller bit, and also cased with a smaller size casing. Modern wells often 

have two to five sets of subsequently smaller hole sizes drilled inside one 

another, each cemented with casing [wikipedia.org]. 
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Plate 2.1: Land Rig used for drilling operation 

2.2.1 To drill the well 

 The drill bit, aided by the weight of thick walled pipes called "drill collars" 

above it, cuts into the rock. There are different types of drill bit; some cause 

the rock to disintegrate by compressive failure, while others shear slices off 

the rock as the bit turns. 
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 Drilling fluid, a.k.a. "mud", is pumped down the inside of the drill pipe and 

exits at the drill bit. The principal components of drilling fluid are usually 

water and clay, but it also typically contains a complex mixture of fluids, solids 

and chemicals that must be carefully tailored to provide the correct physical 

and chemical characteristics required to safely drill the well. Particular 

functions of the drilling mud include cooling the bit, lifting rock cuttings to the 

surface, preventing destabilization of the rock in the wellbore walls and 

overcoming the pressure of fluids inside the rock so that these fluids do not 

enter the wellbore. Some oil wells are drilled with air or foam as the drilling 

fluid [wikipedia.org]. 

 

Plate 2.2: A Mud catcher for  collection of Drill cutting sample collection 
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Mud log in process, a common way to study the lithology when drilling oil wells 

[wikipedia.org] 

 The generated rock "cuttings" are swept up by the drilling fluid as it 

circulates back to surface outside the drill pipe. The fluid then goes through 

"shakers" which strain the cuttings from the good fluid which is returned to 

the pit. Watching for abnormalities in the returning cuttings and monitoring 

pit volume or rate of returning fluid are imperative to catch "kicks" early. A 

"kick" is when the formation pressure at the depth of the bit is more than the 

hydrostatic head of the mud above, which if not controlled temporarily by 

closing the blowout preventers and ultimately by increasing the density of the 

drilling fluid would allow formation fluids and mud to come up through the 

annulus uncontrollably. 

 The pipe or drill string to which the bit is attached is gradually lengthened 

as the well gets deeper by screwing in additional 9 m (30 ft) sections or 

"joints" of pipe under the kelly or topdrive at the surface. This process is called 

making a connection, or "tripping". Joints can be combined for more efficient 

tripping when pulling out of the whole by creating stands of multiple joints. A 

conventional triple, for example, would pull pipe out of the hole three joints at 

a time and stack them in the derrick. Many modern rigs, called "super singles," 

trip pipe one at a time, laying it out on racks as they go. 

This process is all facilitated by a drilling rig which contains all necessary 

equipment to circulate the drilling fluid, hoist and turn the pipe, control 

downhole, remove cuttings from the drilling fluid, and generate on-site power for 

these operations 
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2.3 DEFINITION OF DRILLING FLUIDS 

Drilling fluids, also referred to as drilling mud are used to enhance drilling 

activities via suspension of cuttings, pressure control, stabilization of exposed 

rocks, provision of buoyancy, cooling and lubrication.  

2.4 TYPES OF DRILLING FLUIDS (MUD): There are basically two categories of 

drilling fluids namely; 

(i) Aqueous  Drilling  Mud  Or  Water  Based  Mud  (WBM),  which consist of 

fresh or salt water containing  a  weighting  agent,),usually barite 

(BaSO4), clay or organic  polymers  and various inorganic salts, inert 

solids, and organic additives to modify the physical properties of the 

mud so that it functions optimally  

(ii) Non-Aqueous Drilling Fluid (NADFs), which comprise all non-water 

dispersible base fluids such as Oil Based Mud (OBM) and Synthetic 

Based Mud (SBM) [DHGSA, 2009].  

2.4.1 OIL BASED MUD (OBM) AND MINERAL OIL-BASED MUD (MOBM) 

A dramatic progress has been made in developing low-toxicity substitution for oil-

base mud. The idea of replacing diesel OBM with mineral oil-based mud (MOBM) 

was initially derived from toxicity measurements made in the UK [Stefan, 2008]. 

These measurements showed that the toxicity of mineral oil is five times lower 

than that of diesel oil [Gbadebo et al, 2010]. Other comparisons of mineral and 

diesel oil toxicities in sea-water emulsions showed mineral oil to be at least 14 

times lower in toxicity [Boyd, P.A. et al 1983]. 

2.4.2 SYNTHETIC BASED MUD (SBM) 

A whole new class of non-toxic drilling fluids has been developed in the last two 

decades. These muds are formulated with a variety of synthetic organic base 

fluids. The resulting so-called synthetic-based mud possess most of the 

performance properties of oil-based muds but avoid most of the environmental 
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problems of diesel and mineral oil mud [Stefan, 2008]. (An environmentally-

acceptable substitute for the mineral oil drilling fluids was first noticed with the 

use of a mud made from an ester in the Norwegian sector of the North Sea in 

1990). The chemistry of the synthetic-based fluids that are currently commercially 

available includes an ester derived from palm kernel oil, a diether, a foodgrade 

paraffin, and a Poly-Alpha-Olefin (PAO) [Stefan, 2008]. The ether-based SBM was 

used offshore Norway in 1990. The first PAO mud was used in 1991. Other 

synthetic base fluids were introduced to the industry in the following order: 

Linear Alkybenzene (LAB), acetal, Linear Alpha Olefins (LAO), Internal Olefins (IO), 

and linear Paraffins (LP) [Friedheim and Conn, 1996].  

2.5 Comparative Evaluation of Oil Based Mud and Water Based Mud Reviews that 

OBM Offer Advantages Over WBM [Neff and Duxbury, 2005]: 

• OBMs are more suitable to drill sensitive shells, allowing drilling faster than 

the WBMs  providing excellent shale stability  

• They are more adequate to drill formulations where bottom hole 

temperature exceed WBMs tolerance, especially in the presence of 

contaminants such water, gases, cement, salt and temperature up to 550F  

• OBMs  resist  formation  salt  leach  out  

• They are characterized by thin filter cakes and the friction between the pipe 

and wellbore is minimized, thus, reducing the risk of differential sticking and 

are especially suited for highly deviated and horizontal wells.  

• The drill of low pore pressure formations is easily accomplished, since mud 

weight can be maintained at a weight less than that of water (as low as  7.5 

ppg) 

• Corrosion of pipe is controlled since oil is the external phase and coats the 

pipe. The oils are non-conductors and the additives are thermally stable, 

hence, do not form corrosion products  
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• Bacteria  do  not  thrive  long  in  OBMs.  

• There is the possibility of using OBMs over and over again and can be stored 

over long periods of time since bacterial growth is suppressed  

• OBM packer fluids are designed to be stable over long periods of time even 

when exposed to high temperature and provide long-term stable packers 

since additives are extremely temperature stable. Properly designed, such 

packer fluids can suspend weighting materials over long periods of times.  
 

In other words, regarding shale stability, penetration rate, high temperature, 

drilling salts, lubrication, low pore pressure formations, corrosion control, re-use 

and packer fluids, OBM offers advantages over WBMs. It is therefore, obvious 

that though WBM are more environmentally benign, they are only satisfactory for 

less demanding drilling of conventional vertical wells at medium depths, whereas 

OBM are more suited for greater depths or in directional or horizontal drillings, 

which exert greater stress on drilling apparatus. As a result, OBM are more 

frequently used in petroleum industries for drilling purposes. The composition of 

OBM include: petroleum base fluid, weighting agent and other chemical 

additives.  

2.5.1 BENTONITE CLAYS 

Bentonite clays occur globally: the Americas, Africa, Europe, West and East. The 

term bentonite was first applied to clays formed by the alteration of volcanic ash, 

although some clays designated as bentonite on the basis of their composition 

and properties now have other modes of origin [Grim & Guven, 1978]. Wyoming 

bentonite is still extensively used for drilling due to is smectite component (with 

Na as major exchangeable cation) being made up of relatively large flakes which 

disperse readily in water into very thin units, meaningless bentonite is needed to 

acquire the desired viscosity. Smectite is a 'swelling' clay mineral that can take up 

water or organic liquids between its layers. It also has very high gel strength and 
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low filter cake permeability [Katharine, 2001]. 

Bentonites are also used in many industries because of their emulsifying action 

and their affinity for carbon particles [Grim & Guven, 1978]. They are also 

excellent water impeders, particularly the sodium variety from Wyoming. 

Bentonites are also used in microbiology as non-specific inhibitors of ribonuclease 

(RNase). A 2% clay solution is added as a suspension to the RNA extraction and 

then removed, together with the absorbed RNase [Blumberg, 1987]. This 

illustrates the scope of bentonite utilizations and the incredible ability of this type 

of clay to 'hold on' to substances as diverse as proteins, oils and water. 

2.6 DRILL CUTTINGS:  

Drilling cuttings (DCs) are small rock fragments (clay, sands, lutites and so on) that 

are generated due to the cutting and grinding action of the drill bit. These 

cuttings are transported to the surface by means of the drilling mud, which is 

impregnated in their surface area. Due to this impregnation, the degree of 

contamination will depend on the nature of the drilling fluid and the 

characteristics of the drilled zone. [Frydda and Randle, 2010] 

DCs are, therefore, a mixture of rocks and particulates released from geological 

formations in the drill holes made for crude oil drilling and are usually coated 

with the drilling fluid. Consequently, DCs are largely influenced by the chemical 

composition of drilling mud [DHGSA, 2009]. 

The resultant spent OBM and drill cuttings (drilling wastes) consist of 

hydrocarbons, water,  soils, heavy metals and water soluble salts such as 

chlorides and sulphates [Neff and Duxbury, 2005; Gbadebo et al, 2010]. Drilling 

waste, which are toxic due to the presence of hydrocarbons, heavy metals and 

other chemical additives, if not properly treated before disposal, pose serious 

environmental hazards and risk to public health. Sequel to these, best practices in 

the management of drilling wastes cannot be over emphasized. 
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Plate 2.3: Personnel collecting drill cutting for this project purposes   

2.7 PHYSIOCHEMICAL PROPERTIES OF DRILL CUTTING WASTE; 

SOURCE SEPARATION – DRILL CUTTINGS DEOILING 

The most typical applications include removal of oil from drill cuttings and 

separation of diesel spots from water-based mud. Table below gives a summary 

of the maximum oil retention values for OBM cuttings using various separation 

techniques. Separation techniques for oil removal from OBM cuttings are; 

[Stefan, 2008]. The primary equipment used for separation of drill cuttings from 

the oil content at the site is called Shale shaker. It has the highest percentage 

removal of oil content; see diagram below; 
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Plate 2.4; Shale shaker used for separating Drill cuttings from drilling mud in siti. 

2.8 Other separation methods are done ex situ  

Separation method      Oil retention (%w/w) 

Shale shaker        11.1–16.5 

Mechanical cuttings washer     9.4 

Centrifuged        3.0–10.25 

Incinerator        0.0005–3 

Solvent extraction       0.2 

Vacuum distillation      0.01–0.05 

Diesel washed       3–5 

Unwashed mineral oil      8–15 

Screw type unit       1.0 
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Thermal desorption     - 

Hammermill       0.1 

Liquefied gas extracting              0.5–4.0 
 

2.9 HEALTH AND ENVIRONMENTAL EFFECTS ASSOCIATED WITH DRILLING 

WASTES 
 

2.9.1 HEALTH EFFECT 

Health effects linked to drilling wastes are traceable to basic components such 

as the drilling fluid and additives: 

Health effects associated with drilling fluids: These drilling health fluids effects 

are attributed to the physical and chemical properties of the drilling fluids. In oil 

based drilling wastes, the base oil stem from petroleum stream such as crude oil, 

diesel (gasoil) and kerosene, which cause skin irritation. Consequently, the most 

commonly observed health effect associated with drilling fluids is skin irritation. 

Other effects include headache, nausea, eye irritation and coughing. Routes of 

exposure in human are dermal, inhalation, oral and some other miscellaneous 

routes.  On exposure to drilling fluid, petroleum hydrocarbons tend to remove 

natural fat from the skin, which results in skin drying and cracking. These 

conditions allow compounds to permeate through the skin leading to irritation 

and dermatitis. Susceptibility to these health effects varies with individual 

resistance capacity and condition of poor personal/environmental hygiene. High 

aromatic content fluids, especially diesel fuel contain significant levels of 

carcinogenic Polynuclear Aromatic Hydrocarbons (PAHs). Diesel fuels may also be 

genotoxic due to high proportions of 3-7 rings PAH [DHGSA, 2009]. In humans, 

chronic irritation may cause small areas of the skin to thicken, eventually forming 

rough wart-like growths, which may become malignant. Health effects from 

chronic exposure to PAHs may include cataracts, kidney damage, liver damage 

and jaundice. Naphthalene, a specific PAH, can cause the breakdown of red blood 
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cells, if inhaled or ingested in large amounts. Animals exposed to levels of some 

PAHs over long periods in laboratory studies, developed lungs cancer from 

inhalation and stomach cancer from ingesting PAHs in food [DHGSA, 2009]. 

Other hydrocarbon constituents of drilling fluids are the mono-aromatics 

popularly referred to as BTEX (Benzene, Toluene, Ethylbenzene and Xylene). BTEX 

compounds are very volatile, hence, will readily evaporate in warm/hot climates 

of tropical regions, resulting in higher concentrations in the vapor phase. As a 

result, there is the possibility of exposure to human via inhalation. Exposure to 

high concentrations of these hydrocarbon via inhalation may  result in 

hydrocarbon induced neurotoxicity, a non-specific effect resulting in headache, 

nausea, dizziness, fatigue, lack of coordination, problems with attention and 

memory, gait disturbances and narcosis [DHGSA, 2009]. 

2.9.2 ENVIRONMENTAL EFFECTS ASSOCIATED WITH DRILLING WASTES 
 

Environmental hazards associated drilling wastes include land, water and air 

pollution [EPA, 2008]: 
 

i. Land pollution: Farming is the major land use system in region of high 

hydrocarbon deposit in Niger Delta-Nigeria [UNEP, 2011]. The most 

significant in this aspect of environmental pollution in Nigeria is thus 

farmland pollution. Outcome of pollution include alteration in soil 

physical, biological and chemical properties, loss of soil fertility, stunted 

plant growth and reduced crop productivity. These lead to reduced 

food availabilities and compromised food safety.  
 

ii. Aquatic pollution: Large percentage of the oil spill gets spread over the 

surface of the aquatic system resulting in anaerobic environment in the 

water, below the surface. This leads to death of the natural flora and 

fauna where oxygen is the key element for their respiration; adversely 
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affecting fishing business.  
 

iii. Air pollution: volatile organics such as benzene, toluene, ethylbenzene 

and xylene could have elevated concentrations in the air, leading to 

atmospheric pollution and consequent adverse environmental and 

health impacts.  
 

Oil well drilling processes generate large volumes of drill cuttings and spent mud 

in the country. Drilling wastes, therefore, add to hazardous petroleum waste 

materials released in the environments [UNEP, 2011, Osuji et al, 2010] and the 

management of drilling waste is very difficult. An environmentally friendly 

technique for the management of drilling wastes is imperative in all offshore and 

onshore operations; from seismic surveys, drilling operations, field development 

and production to decommissioning. The physical and chemical properties of the 

drilling wastes influence their hazardous characteristics and environmental 

impact abilities, which in turn depend primarily on: (i) nature of impacted 

material, (ii) concentration of pollutant /amount of waste material after release 

(iii) recipient biotic community and (iv) exposure duration. Exposure that causes 

an immediate effect is called acute exposure while long-term exposure is called 

chronic exposure. Either acute or chronic exposure has negative impacts. 
 

2.10 CONTEMPORARY TREATMENT OF DRILLING WASTE MATERIALS 
 

Universal, contemporary drilling waste management options include re-use, 

offshore discharge, Dispersion by Chemical Reaction (DCR) Technology, re-

injection and onshore treatment and/or disposal [Knez, 2006]. Each treatment 

and or disposal option has its pros and cons as highlighted in the options; but we 

will only reviewed thermal technologies, DCR and bioremediation techniques. 
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2.10.1  THERMAL TREATMENT 

Thermal technologies involve the use of high temperature to reclaim 

hydrocarbon contaminated materials [Morillon et al, 2002]. Thermal treatment is 

mostly used in treating organic compounds. Additional treatment may be 

necessary for metals and salts depending on the final fate of the wastes. Thermal 

treatment technologies are designed for a fixed land based installation; however, 

a few mobile units exist. Two common technologies are thermal desorption and 

incineration methods 
 

2.10.1.1  THERMAL DESORPTION METHOD 
 

Thermal desorption is an environmental remediation process that uses heat to 

increase the volatility of contaminants by the use of a series of equipment 

(desorber and oxidizer) such that the hydrocarbons and water are separated or 

removed from the solid matrix. It is subjected to about temperature range 250-

650oC.At these temperatures both the lighter and heavier hydrocarbons are 

removed and collected or thermally oxidized by further heating to a temperature 

of over 850oC. The resulting solid residue has essentially no residual hydrocarbons 

(having been oxidized), but does concentrate salts and heavy metals. Depending 

upon the success of process used, recovered hydrocarbons can be used as fuel or 

re-used as a base fluid in the drilling fluid system and the resulting solid can be 

disposed of in a landfill or may used in construction (of roads and bricks). 

Economical, implications of thermal desorption include: 
 

1. Effective  removal  and  recovery  of  hydrocarbons  from  solid  

2. Possibility  of  recovering  base  fluid  and  end  -  product  could be used for 

brick making  

3. Low  potential  for  future  liability  

4. Requires  short  time  



18 
 

5. High  cost  of  handling  environmental  issues  

6. Large  volume  of  wastes  is  required  to  justify  the  cost  of operation 

7. Requires  tightly  controlled  process  parameters  

8. High  operating  temperatures  can  lead  to  safety  risks  

9. Requires  several  operators  

10. Heavy metals and salts are concentrated in residual solid  

11. Process water contains some emulsified oil 

12. Residue ash requires further treatment before disposal  

13. End product is sterile and can no longer support plant Life 

 2.10.1.2  INCINERATION METHOD 
 

Incineration involves; (i) heating oil based mud and drill cuttings to a higher 

temperature range (1200o -1500 o C) in direct contact with combustion gases and 

(ii) oxidizing the hydrocarbons [Morillon et al, 2002]. Solid/ash and vapor phases 

are generated. The gases produced from this operation may be passed through 

an oxidizer, wet scrubber, and bag house before being vented to the atmosphere. 

Stabilization of residual materials may be required prior to disposal to prevent 

constituents from leaching into the environment. Incineration of drilling wastes 

occurs in rotary kilns which incinerate any waste regardless of size and 

composition. Incineration systems are designed to destroy only organic 

components of waste; however, most drilling wastes are non-exclusive in their 

content and therefore will contain both combustible organic and non-

combustible inorganic materials. By destroying the organic fracture and 

converting it to carbon (IV) oxide and water vapor, incineration reduces waste 

volume. The major inorganic materials wastes fed to an incinerator cannot be 

destroyed, only oxidized. The major inorganic materials are chemically classified 

as metals. Generally, these metals will exits the combustion process as oxides of 

the metals that enter. Economical, operational an incineration are as listed: 
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1. Low  potential  for  future  liability  

2. High  cost  per  volume  

3. Heat  produced  could  be  used  for  energy  generation  

4. High  energy  cost  

5. Requires  air  pollution  control  equipment  because  of  safety concerns  

6. At  high  temperatures,  salts  can  form  acid  components  

7. Air emissions pose environmental concerns.  
 

In line with best practices, for thermal technologies, there is high demand for 

proper handling of end product. Demonstration of sufficient compliance with 

current regulation and adequate safety measures to cater for the potential risks 

of exposure to high temperatures. 
 

2.10.2   THE DISPERSION BY CHEMICAL REACTION (DCR) TECHNOLOGY 

There are several chemical reactions in which solid reaction products are formed 

from solid and / or fluid as starting materials with the aid of a reaction partner. 

The resultant solid reaction product thereby forms a significantly larger specific 

surface area in comparison with the reacting components [34]. 

Chemical reactions of this kind can be applied to homogeneously disperse other 

substances or substances mixes by chemical means. In order to achieve this, the 

components of dispersing chemical reaction is firstly charged with the substance 

to be dispersed (pre-distribution step) and then, in a second step, the actual 

chemical reaction is allowed to take place (dispersing step). In this way, fluid 

phases, for instances oily phases, as well as aqueous and non-aqueous solutions 

are converted into extremely finely dispersed, pulverulent solid preparations 

[Ifeadi, 2004].  

Among the numerous dispersing chemical agents that produce finely dispersed 

sold reaction products with a large specific surface, and which thus fulfills the 

requirements for dispersing by chemical means, Calcium oxide (CaO) is by far the 
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most important, especially in the form of commercially available highly reactive 

pulverized quicklime [Ifeadi, 2004]. 

The process has a value-added end-product, which can successfully be used in 

construction. The raw materials in the treatment process can be locally sourced 

and the re-usable end-product is non-polluting and therefore, environmentally 

safe to be put into other uses [Ifeadi, 2004]. 

2.10.3  BIOREMEDIATION TECHNIQUE 

Bioremediation technique relies on the ability of microorganism (mostly 

combination of bacteria) to feed on the Hydrocarbons (HCs) as substrate, 

converting them into carbon (iv) oxide, water and harmless clean solids; and the 

ability of some of the HCs to biodegrade overtime. But in most cases, the native 

microorganisms are often overwhelmed by the extent of the hydrocarbon 

contamination and thus would require external nutrient to boost (bio-

stimulation) their activity and ability to take up the HCs at a faster rate. In the 

case, the native microorganisms may be needing help from their kind or other 

species of microorganisms which are grown or inoculated (bio-augmentation) in 

the laboratory and then introduced in the habitat of the native micro-organisms. 

Bioremediation could be carried out at the site of contamination (in-situ 

bioremediation technique) or off the site of contamination (ex-situ 

bioremediation technique). Bioremediation technologies include land farming, 

use of bioreactors, biopiles and compost- based technologies. Economical, 

implications of conventional bioremediation technique [Zimmerman and Rober, 

1991; Rojas-Avelizapa et al, 2007; Frydda and Randle, 2010; Ouyang et al, 2005, 

Vidali, 2001; Jorgensen et al, 2000] include: 

1. Relatively  inexpensive  

2. Requires simple equipments and eliminates transportation cost as drill 

wastes could be treated on site  
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3. Less capital but may be labour-intensive.  

4. Low maintenance cost; being a simple technology process that requires few 

machines, there are few delays due to equipment down-time  

5. Process is fairly flexible and can be used for most drill waste including 

OBM,NADFs previously extracted materials and newly drilled cuttings  

6. Proven  technology  

7. Requires  a  considerable  period  of  time  to  complete  a  process  

8. Appropriate  bacteria  and  nutrient  selection  could  be  a  daunting task  

9. In cases where bacteria are inoculated and brought on site, adaptability to 

their new environment may hamper their performance  

10. Minimal operation hazards 

11. Environmentally friendly: once the contaminants have been degraded, the 

microbial population reduces considerably as they have used up their food 

source. 

12. Less impact on the environment as residue from process (TPH < 1%) may 

require no further treatment and could be used for agricultural purpose 

Recommended best practices for bioremediation technology include ensuring; 

(i) Proper initial physical, biological and chemical characterizations to 

determine extent of organic and inorganic contamination,  

(ii) Required skill and persistence for the selection of several combinations of 

bacteria and nutrients that can provide the desired result  

(iii) Proper periodic tillage to provide for proper aeration that facilitates 

degradation of the HCs and  

(iv) An accurate and appropriate TPH level checks in between treatment 

process in order to monitor progress of the remediation process. Choice of 

waste management options typically considers local regulation, 

environmental assessment, cost/benefit analysis and the composition 
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drilling wastes.  

The Department of Petroleum resources [EGSPIN, 2002] through the 

Environmental  Guidelines Standards for the Petroleum Industry in Nigeria 

(EGSPIN) stipulated guidelines on drilling cuttings discharge for inland / near-

shore and offshore deep water in order to minimize the severe impact on the 

surrounding environment. These requirement piques for effective drill cuttings 

treatment prior to disposal in order to meet the stipulated conditions. 

2.11 PROOF OF DRILL CUTTINGS ACTIVE CONTRIBUTING TO POLLUTION OF 

DISPOSAL SITE 

There are scientific evidences showing that drilling wastes generated in the 

country contain toxicants that are of environmental concerns. For instance, the 

reports of [Joel and Amajuoyi, 2009] on the determination of selected physical 

and chemical parameters including metals concentrations in a certain drill cutting 

dump site in the country. Results from their study showed that oil and grease on 

the surface and 20 feets around the waste dump area were above the specified 

limit [EGSPIN, 2002]. There was also lack of plant growth noticed in the study, 

attributed to depletion of nitrogen, phosphorus and potassium values below 

threshold levels for plant growth. The  reports of [Gbadebo et al, 2010] on 

hydrocarbon and some metal contents of drilling muds and cuttings  generated 

during the drilling of Igbokoda onshore oil wells gave total petroleum 

hydrocarbon (TPH), aliphatic hydrocarbon (AH) and polycyclic aromatic 

hydrocarbon (PAH) as generally exceeding stipulated limits by both national  and 

international agencies. The studies of [Okparanma & Ayotamuno, 2010] on the 

compositional distribution and sources of polynuclear aromatic hydrocarbons 

(PAHs) in Nigerian oil-based drill-cuttings, showed that the total initial PAHs 

concentration of the he drill cuttings was 223.52mg/kg while the initial individual 



23 
 

PAHs concentrations ranged from 1.67 to 70.7 mg/kg, dry weight, with a 90% 

predominance of the combustion-specific 3-ring PAHs. 

2.12 MICRORGANISM 

According to free dictionary Microrganism is defined as an organism that can be 

seen only with the aid of a microscopic and that typically consists of only a single 

cell.  Microrganism include bacteria, protozoans and certain algae and fungi 

[freedictionary.com]. The parameters typically measured in laboratory test of 

bioremediation efficacy include enumeration of microbial population [Kastner et 

al, 1994; Rice & Hermmingsen, 1997; Perssutti, 2003] determination or fate of 

hydrocarbons degradation (disappearance of individual hydrocarbon and/or total 

hydrocarbons) [Okoro, 2008]. Undoubtedly, the most direct measure of 

bioremediation efficacy is the monitoring of hydrocarbon disappearance rates. 

[Song & Bartha, 1990]. 

The rate of crude oil biodegradation in the soil seems to be rapid. This may be 

due to the fact that the microorganisms in the soil have efficiency ability in 

utilizing the residual crude oil as a source of carbon and energy [Antai, 1990].This 

may be due to the ability of the organisms to produce spores, which may shield 

them from the toxic effects of the hydrocarbons [Onifade & Abubakar, 2007]. 

Biodegradation of petroleum hydrocarbons in the environment may be limited by 

a large number of factors. An important limiting factor in the biodegradation 

polluted soils is often the low bioavailability and solubility of the hydrocarbon 

[Mishra et al, 2001, Lloyd & Cackette, 2001]. A large number of Pseudomonas 

strains capable of degrading PAHs have been isolated from soil and aquifers 

[Johnson  et al, 1996, Kiyohara et al. 2002]. Other petroleum hydrocarbon-

degraders include Yokenella spp., Alcaligenes spp., Roseomonas spp., 

Stenotrophomonas spp., Acinetobacter spp, Flavobacter spp, Corynebacterium 
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spp, Streptococcus spp., Providencia spp., Sphingobacterium spp, 

Capnocytophaga spp, Moraxella spp, and Bacillus spp. [Bhattacharya, 2002]. 

2.13 METHOD ISOLATION OF PETROLEUM-DEGRADING BACTERIA AND ITS 

LIMITING FACTORS 

Despite numerous studies undertaken to examine the structure and metabolism 

of petroleum-degrading bacteria, the taxonomy of these organisms has been 

comparatively neglected. Petroleum-degrading bacteria occur extensively in the 

aquatic environment and have been found in sediment and seawater collected 

from temperate, tropical, and arctic zones [ZoBell, 1969]. Microbial degradation 

of petroleum is influenced by a number of factors, including season, history of 

previous exposure of the given environment to oil, temperature, sediment type, 

and medium used for the isolation of the organisms [Calomiris  et al, 1976;  

Colwell and Walker, 1977]. The method used for isolation of petroleum-degrading 

bacteria has a strong influence on the number and types of bacteria recovered; 

for example, Sohngen [Sohngen, 1913], in 1913, observed colonies of 

mycobacteria on mineral agar exposed to hydrocarbon vapor, whereas in liquid 

culture designed to isolate hydrocarbon-utilizing bacteria, pseudomonads are 

generally found [Calomiris  et al, 1976, VanNiel, 1955].  

The rate of crude oil biodegradation in the soil seems to be rapid. This may be 

due to the fact that the microorganisms in the soil have efficiency ability in 

utilizing the residual crude oil as a source of carbon and energy [Morillon et al, 

2002]. Crude oil contains hydrocarbon and does not resist attack by 

microorganisms. The hydrocarbon utilizing microorganisms isolated from the soil 

were species of Bacillus, Lactobacter, Arthrobacter, Pseudomonas, Micrococcus, 

Zoopage, and Articulosporium. Bacillus sp. predominated, especially in the crude 

oil polluted soil. This may be due to the ability of the organisms to produce 
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spores, which may shield them from the toxic effects of the hydrocarbons 

[Onifade & Abubakar,2007]. 

2.14 HETEROTHROPHIC MICRORGANISM 

Heterotrophic Micorganism are those microrganism such Bacteria, Fungi etc that 

use organic (carbon-containing) compounds as a source of energy and carbon. 

This characteristic distinguishes heterotrophic bacteria from chemoautotrophic 

(chemosynthesizing) and photoautotrophic (photosynthesizing) bacteria, which 

assimilate CO2 as source of carbon. The overwhelming numbers of known species 

of microganism, both aerobic and anaerobic, are heterotrophic. 

The term ‘‘heterotrophic bacteria’’ includes all bacteria that use organic nutrients 

for growth. These bacteria are universally present in all types of water, food, soil, 

vegetation, and air. Under this broad definition, primary and secondary bacterial 

pathogens are included, as are coliforms (Escherichia, Klebsiella, Enterobacter, 

Citrobacter, Serratia) [Imshenetskii, 1970]. 

Many heterotrophic bacteria or fungi utilize sugar, alcohol, and organic acids. 

However, there are specialized heterotrophic organisms are capable also of 

decomposing cellulose, lignin, chitin, keratin, hydrocarbons, phenol, and other 

substances. Heterotrophic organisms are found widely in soil, water, foods and 

the bed soil of bodies of water. Heterotrophic organisms take an active part in the 

natural recycling of substances [Imshenetskii, 1970]. 
 

2.15 TOTAL HYDROCARBON DEGRADABLE MICROORGANISM (cfu/g dry mass) 

Microbial Degradation of Petroleum Hydrocarbons (Biodegradation of petroleum 

hydrocarbons) is a complex process that depends on the nature and on the 

amount of the hydrocarbons present. Petroleum hydrocarbons can be divided 

into four classes: the saturates, the aromatics, the asphaltenes (phenols, fatty 

acids, ketones, esters, and porphyrins), and the resins (pyridines, quinolines, 
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carbazoles, sulfoxides, and amides) [. Colwell, 1977]. Different factors influencing 

hydrocarbon degradation have been reported by Cooney et al. [1985]. One of the 

important factors that limit biodegradation of oil pollutants in the environment is 

their limited availability to microorganisms. Petroleum hydrocarbon compounds 

bind to soil components, and they are difficult to be removed or degraded [. 

Barathi and N. Vasudevan, 2001]. Hydrocarbons differ in their susceptibility to 

microbial attack. The susceptibility of hydrocarbons to microbial degradation can 

be generally ranked as follows: linear alkanes> branched alkanes> small 

aromatics>cyclicalkanes [Ulrici, 2000; 67, Perry, 1984].Some compounds, such as 

the high molecular weight polycyclic aromatic hydrocarbons (PAHs),may not be 

degraded at all [Atlas and Bragg, 2009]. 

Microbial degradation is the major and ultimate natural mechanism by which one 

can cleanup the petroleum hydrocarbon pollutants from the environment [Atlas, 

1992; Amund and Nwokoye, 1993; Lal and Khanna, 1996]. The recognition of 

biodegraded petroleum-derived aromatic hydrocarbons in marine sediments was 

reported by Jones et al. [Jones et al, 1983]. They studied the extensive 

biodegradation of alkyl aromatics in marine sediments which occurred prior to 

detectable biodegradation of n-alkane profile of the crude oil and the 

microorganisms, namely, Arthrobacter, Burkholderia, Mycobacterium, 

Pseudomonas, Sphingomonas, and Rhodococcus were found to be involved for 

alkylaromatic degradation. 

Microbial degradation of petroleum hydrocarbons in a polluted tropical stream in 

Lagos, Nigeria was reported by Adebusoye et al., 2007. Nine bacterial strains, 

namely, Pseudomonas fluorescens, P. aeruginosa, Bacillus subtilis, Bacillus sp., 

Alcaligenes sp., Acinetobacter lwoffi, Flavobacterium sp., Micrococcus roseus, and 

Corynebacterium sp. were isolated from the polluted stream which could degrade 

crude oil.  
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Bacteria are the most active agents in petroleum degradation, and they work as 

primary degraders of spilled oil in environment [Rahman et al, 2003; Brooijmans 

et al, 2009]. Several bacteria are even known to feed exclusively on hydrocarbons 

[Yakimov et al, 2007]. Fungal genera, namely, Amorphoteca, Neosartorya, 

Talaromyces, and Graphium and yeast genera, namely, Candida, Yarrowia, and 

Pichia were isolated from petroleum contaminated soil and proved to be the 

potential organisms for hydrocarbon degradation [Chaillan et al,2004]. Singh, 

2006 also reported a group of terrestrial fungi, namely, Aspergillus, 

Cephalosporium, and Pencillium which were also found to be the potential 

degrader of crude oil hydrocarbons. The yeast species, namely, Candida lipolytica, 

Rhodotorula mucilaginosa, Geotrichum sp, and Trichosporon mucoides isolated 

from contaminated water were noted to degrade petroleum compounds 

[Bogusławska-Was E. and W. Da¸browski, 2001]. 

2.16 FACTORS INFLUENCING PETROLEUM HYDROCARBON DEGRADATION 

A number of limiting factors have been recognized to affect the biodegradation of 

petroleum hydrocarbons, many of which have been discussed by Brusseau, 1998. 

The composition and inherent biodegradability of the petroleum hydrocarbon 

pollutant is the first and foremost important consideration when the suitability of 

a remediation approach is to be assessed. Among physical factors, temperature 

plays an important role in biodegradation of hydrocarbons by directly affecting 

the chemistry of the pollutants as well as affecting the physiology and diversity of 

the microbial flora.  

Nutrients are very important ingredients for successful biodegradation of 

hydrocarbon pollutants especially nitrogen, phosphorus, and in some cases iron 

[Cooney,1984]. Some of these nutrients could become limiting factor thus 

affecting the biodegradation processes. Therefore, additions of nutrients were 

necessary to enhance the biodegradation of oil pollutant [Choi et al, 2002, Kim et 
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al, 2005]. On the other hand, excessive nutrient concentrations can also inhibit 

the biodegradation activity  

2.17 MECHANISM OF PETROLEUM HYDROCARBON DEGRADATION 

The most rapid and complete degradation of the majority of organic pollutants is 

brought about under aerobic conditions. Figure 2.1 shows the main principle of 

aerobic degradation of hydrocarbons [Fritsche & Hofrichter, 2000]. The initial 

intracellular attack of organic pollutants is an oxidative process and the activation 

as well as incorporation of oxygen is the enzymatic key reaction catalyzed by 

oxygenases and peroxidases. Peripheral degradation pathways convert organic 

pollutants step by step into intermediates of the central intermediary 

metabolism, for example, the tricarboxylic acid cycle. Biosynthesis of cell biomass 

occurs from the central precursor metabolites, for example, acetyl-CoA, 

succinate, pyruvate. Sugars required for various biosyntheses and growth are 

synthesized by gluconeogenesis. 
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Fig 2.1: Main principle of aerobic degradation of Hydrocarbons by microorganism 

(Source: [Nilanjana  and Chandran, 2011]  

2.18 TOTAL PETROLEUM HYDROCARBONS (TPH/Kg Dry mass) 

Total Petroleum Hydrocarbons (TPH) is a term used to describe a large family of 

several hundred chemical compounds that originally come from crude oil. Crude 

oil is used to make petroleum products, which can contaminate the environment. 

Because there are so many different chemicals in crude oil and in other 

petroleum products, it is not practical to measure each one separately. TPH is a 

mixture of chemicals, but they are all made mainly from hydrogen and carbon, 

called hydrocarbons. Scientists divide TPH into groups of petroleum hydrocarbons 

that act alike in soil or water. These groups are called petroleum hydrocarbon 

fractions. Each fraction contains many individual chemicals.  
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TPH is a mixture of many different compounds. Everyone is exposed to TPH from 

many sources, including gasoline pumps, spilled oil on pavement, and chemicals 

used at home or work. Some TPH compounds can affect your nervous system, 

causing headaches and dizziness. TPH has been found in at least 23 of the 1,467 

National Priorities List sites identified by the Environmental Protection Agency 

(EPA). 

Agency for Toxic Substances and Disease Registry (ATSDR, 1999) has the 

responsibility for health assessment at National Priorities List (NPL) hazardous 

waste sites, many of which have petroleum hydrocarbon contamination. Specific 

contaminants that are components of TPH, such as BTEX (benzene, toluene, 

ethylbenzene, and xylene), n-hexane, jet fuels, fuel oils, and mineral-based 

crankcase oil, have been studied by ATSDR and a number of toxicological profiles 

have been developed on individual constituents and petroleum products [ATSDR, 

1999]. 

2.19 WHAT HAPPENS TO TPH WHEN IT ENTERS THE ENVIRONMENT? 

 TPH may enter the environment through accidents, from industrial 

releases, or as byproducts from commercial or private uses. 

 TPH may be released directly into water through spills or leaks. 

 Some TPH fractions will float on the water and form surface films. 

 Other TPH fractions will sink to the bottom sediments. 

 Bacteria and microorganisms in the water may breakdown some of the TPH 

fractions. 

 Some TPH fractions will move into the soil where they may stay for a long 

time. 
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2.20 BIOREMEDIATION PROCESS EXPLAINED 

Bioremediation is the promising technology for the treatment of these 

contaminated sites since it is cost-effective and will lead to complete 

mineralization. Bioremediation functions basically on biodegradation, which may 

refer to complete mineralization of organic contaminants into carbon dioxide, 

water, inorganic compounds, and cell protein or transformation of complex 

organic contaminants to other simpler organic compounds by biological agents 

like microorganisms [Nilanjana  and Chandran, 2011]. 

Baroid Fluid Services defines bioremediation as the biological treatment of 

hydrocarbon contaminated waste (most commonly oil-based or synthetic-based 

mud drill cuttings) with microorganisms that will metabolize the hydrocarbons, 

converting them to water and carbon dioxide. Compared to other treatments 

such as thermal desorption or incineration, bioremediation has less 

environmental impact from sources such as emissions and fuel/energy 

requirements, and can also be very cost-effective if time and storage space are 

not limited [Halliburton]. 

For these reasons, bioremediation is often ideally suited for land operations. 

Bioremediation is so dependent on local climatic, ecological and other conditions 

that a single one-size-fits-all approach or fluid is clearly not suitable. Instead, 

Baroid offers a suite of fluids and solutions that can be matched to conditions, 

regulatory requirements, logistics and the cost expectations of the operator. 

Baroid takes a holistic approach to the design of treatable drilling fluids and 

bioremediation method selection. Base oils, fluid additives, weighting material 

and internal water activity phase are all carefully selected to optimize waste 

treatability. From the fluid and pre-planning stages of the well to final disposal, 

the goal is to produce a final remediated product that meets or exceeds the most 

stringent local regulations or agreed upon operator specifications for disposal 
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while being cost-effective [Halliburton]. The ultimate goal is the development of a 

material that actually enhances the environment – for example, improvements in 

soil quality on the products ultimate disposal.  

2.20.1  The Bioremediation Process 

The fundamental mechanism underlying biological treatment of oilfield waste is 

the microbial metabolism of hydrocarbons. The following conditions are required: 

• A source of microorganisms (bacteria, fungi) 

• A food source (hydrocarbon contaminated drill cuttings) 

• Oxygen (for aerobic degradation) 

• Suitable temperature and pH for microbial activity 

•Water 

• Nutrients (primarily Nitrogen and Phosphorus) 

 

Fig 2.2: Biodegradation Process of Hydrocarbon (Source: [Halliburton]) 

The efficiency of the bioremediation process depends on optimizing the correct 

environmental conditions. By optimizing the environment, Baroid can accelerate 

and improve the bioremediation process [Halliburton].  
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2.21 ENVIRONMENTAL IMPACT OF DISPOSAL OF UNTREATED OBM DRILL 

CUTTINGS TO THE ENVIRONMENT 

2.21.1  LEGAL & REGULATORY REQUIREMENTS FOR CUTTING TREATMENT 

Drill cuttings consist of various rocks, particulates and liquids released from 

geologic formations in drill hole. These cuttings are coated with drilling fluid 

resulting from the incomplete separation of drilling fluids from the cuttings in the 

rig shale shaker. 

Consequently, the Department of Petroleum Resources (DPR), in its 

Environmental Guidelines and Standards for the Petroleum Industry in Nigeria 

(EGASPIN), Revised Edition, 2002 [EGASPIN,2002] outlined the following 

discharge limitations for drill cuttings: 

a) Cuttings contaminated with water based mud may be discharged offshore / 

deep waters without treatment, provided the discharged does not contain free oil 

as determined by a visual sheen on the receiving water surface. 

b) There is zero discharge of cuttings contaminated with water / oil based muds 

and / or esters in inland and near shore areas. 

c) Cuttings contaminated with oil from Low Toxic Mineral Oil Based Mud System 

shall not be discharged into offshore discharge zone unless treated to residual oil 

content less than 10g/kg cuttings; i.e. 1% oil on cuttings. 

d) Cuttings contaminated with oil from synthetic / pseudo oil based mud system, 

containing Linear Alpha Olefins (LAO), isomerized olefins (L0), ∧ - paraffin and 

Polyalpha Olefins (PAO) shall not be discharged into offshore discharged zone 

unless treated to a residual oil content of less than 50g/kg, i.e. 5% oil on cuttings. 

e) Cutting contaminated with esters may be discharged in offshore discharged 

zone only when the residual oil content is less than 100g/kg, i.e. 10% ester-on-

cuttings. 
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f) Oil contaminated solids e.g. sand, shall be discharged into offshore discharged 

zone, unless the oil content is less than 10g/kg dry weight [EGASPIN,2002]. 

2.22 PHASES OF MICROBIAL GROWTH  

Microbial growth is a process that requires the coordinated synthesis of a range 

of complex macromolecules, the energy for this process (and the necessary 

intermediary metabolites) being derived from the uptake and chemical 

transformation of a relatively small number of compounds and elements. 

However, growth in any environment is only possible when there is present of a 

complete mixture of these compounds and elements that are essential for cell 

synthesis and functioning. In this connection, all living cells seemingly contain 

carbon, hydrogen, oxygen, nitrogen, sulphur, phosphorus, magnesium, potassium 

and a number of so-called ‘trace’ elements (Mn2+, Cu2+, Fe3+, Zn2+, etc.). 

Interactively, all the elements must be present in an utilizable form, along with 

water, and, if other environmental conditions are stable and unaltered, then 

those microbes that may be present will grow and multiply [Tempest, 1978]. 

The typical cell growth in batch culture includes several growth phases, which are 

defined as the lag, increased growth, exponential growth, decreased growth, 

stationary growth and death phases. The lag growth phase occurs during the 

initial period of cultivation when the value of specific growth rate (µ) is zero or 

near to zero. The physiological explanation of the lag growth phase is that when 

the cells are transferred into a new environment the cells need some time to 

synthesize new enzymes for adaptation to the new environment. The cell 

adaptation involves many physiological and metabolic changes and is a gradual 

process [Lin et al, 1999; Lin et al, 1999]. µ increases gradually from zero or a small 

value, enters into increased growth phase and then exponential growth phase 

reaching its maximum value µm. In batch culture, limitations to cell growth will 

occur after some time of exponential growth by the accumulation of intracellular 
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toxins or depletion of some nutrients and it leads to the reduction in µ. With the 

decrease of µ from µm to zero, cell growth enters the decreased and stationary 

growth phases (Figs. 2.3, 2.4). As a result of the typical changes of µ, cell growth 

curve turns out to show the lag, increased growth, exponential growth, decreased 

growth and stationary growth phases [Jianqiang et al, 2000]. 

 

Fig.2.3 Time course of the specific growth rate and the cell concentration of 

Trichoderma reesei [Jianqiang et al, 2000] 

Starting with a low or zero content of the key enzyme needed for growth on a 

given substrate (representative of poor quality starter culture or inoculum), 

presence of the substrate induces the synthesis of the key enzyme. The low or 

zero enzyme content causes the initial lag phase of no cell growth while 

increasing enzyme content results in the accelerating growth phase. The enzyme 

concentration reaches and stays at its maximum, emax, during the exponential 

growth phase, which shows up as a linear increase in the logarithmic plot of cell 

concentration. The slope of this line on the semi-logarithmic plot below is the 

maximum specific growth rate, µmax (Fig 2.5). As the substrate gets depleted, the 

growth rate or the slope of this curve decelerates and becomes zero when the 
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substrate is completely consumed. With the substrate no longer present, the key 

enzyme synthesis stops and enzyme degradation during the stationary and death 

phases reduces the intracellular enzyme content to low levels [Dhinakar, 1985 ]. 

 

Fig. 2.4 Typical growth phases in batch cultures of bacterial cells [Dhinakar, 1985 ] 

 

Fig.2.5 Dynamic profiles of substrate concentration and intracellular enzyme 

content along with logarithm of cell mass concentration [Dhinakar, 1985 ] 

The preference for faster growth rate in the first growth phase has been 

suggested to be a consequence of evolutionary pressures on the microbes to 

grow at the fastest growth rate possible [Dhinakar, 1985] 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 RESEARCH METHODOLOGY 

 The research methodologies was subjected to  

1. Literature review on in-depth studies of current and existing treatment of 

drilling waste materials in the country and the cost effective. 

2. Initiate a practical, ex-situ procedure for removal of contaminant in drilling 

wastes produced by an oil producing companies in Nigeria. The waste was 

subjected to Bio-remediation. 

3. Pilot pan contained the drilling waste treated by the Bio-remediation 

technique. Samples were analyzed in every three weeks to correlate the 

decrease constituent of TPH and increase in microbial population and 

extrapolate the rate of decomposition and effective time of decomposition.  

3.2 SAMPLE COLLECTION 

 The drilling waste sample was taken from project’s drill pads at the exit of the 

drilling waste discharge system (metal trays called “shakers”), with the purpose of 

separating the liquid or aqueous phase from the solid phase. It was kept into 

small pilot pan and then subjected to aerobic decomposition. Drill cuttings 

samples are mixture of shale and sand. They were collected by 11th May, 2015 

from Watersmith Petroleum Company at Umuakpu (See Goggle Map of sample 

area, Fig 3.1), Imo state drilling site with the geographical coordinate of N 50 21’ 

24” and E 60 50’ 10” at Altitude of 67M. Soil samples were sent to Anal Concept 

Laboratory by 12th May under controlled preservation for determination of TOTAL 

HETEROTROPHIC BACTERIA LOAD (THB), TOTAL HETEROTROPHIC FUNGI LOAD 

(THF), HYDROCARBON DEGRADABLE FUNGI (HDF), HYDROCARBON DEGRADABLE 

BACTERIA (HDB) AND TOTAL PETROLEUM HYDROCARBON (TPH). 
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Fig 3.1 Mapping Representation of Sample origin (Google Map) 

 

 



39 
 

3.2.1 DRILL CUTTINGS BEFORE DEGRADATION (DAY 0) 

Pla

te 3.1 Drill Cutting at Day 0 

3.2.2 DRILL CUTTINGS AFTER DEGRADATION (105 Days) 

 

 Plate 3.2 Second view of Drill Cutting at Day 105 
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3.3 SAMPLE ANALYSIS PRE-TREATMENT  

The goal of this project was to establish a baseline on the initial concentrations of 

the sample before commencing treatment with the Bio-remediation technique. 

Sample waste analyzed before treatment for their biotic properties and Total 

petroleum hydrocarbons (TPH) contents. 

The value of TPH content from the drill cuttings are correlated with the growth of 

microbial population that initiated the removal as an effectively mean of 

treatment for drill cuttings. 

3.4 SAMPLE TREATMENT WITH BIO TECHNIQUE 

Remediation techniques were applied to decontaminate the drilling cutting waste 

using Bio-remediation. The removal was stimulated on the Pilot pan, and at every 

three weeks the rate of removal activities was determined and validated using 

mathematical modeling to determine specific growth rate and effective time 

duration for cost-effective remediating drill cuttings. 

3.5 SAMPLE ANALYSIS PROCEDURES 

3.5.1 Extraction TPH in Soil Sample 

2gm of samples were weigh into a clean extraction container. 10ml of extraction 

solvent (Pentane) was added into the sample and mixed thoroughly and allowed 

to settle 

 The mixtures were carefully filtered into clean solvent rinsed extraction bottles 

using filter paper fitted into Buchman funnels. The extracts were concentrated to 

2ml and then transferred for Cleanup and separation. 

3.5.11 CLEAN-UP AND SEPARATION 

1cm of moderately packed glass wool was placed at the bottom of 10mm ID x 

250mm long chromatographic column. Slurry of 2g activated silica in 10ml 

methylene chloride was prepared and placed into the chromatographic column. 
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To the top of the column was added 0.5cm of Soduim Sulphate. The column was 

rinsed with additional 10ml of methylene chloride. 

The column was pre-eluted with 20ml of pentane, this was allowed to flow 

through the column at a rate of about 2minute until the liquid in the column was 

just above the sulphate layer. Immediately 1ml of the extracted sample was 

transfer into the column. The extraction bottle was rinsed with 1ml of pentane 

and added to the column as well. 

The stop-clock of the column was opened and the eluent was collected with a 

10ml graduated cylinder. Just prior to exposure of the sodium sulphate layer to 

air, pentane was added to the column in 1-2ml increments. Accurately measured 

volume of 8-10ml of the eluent was collected and was labeled aliphatics. 

3.5.12  GAS CHROMATOGRAPHIC ANALYSIS 

The concentrated aliphatic fractions were transferred into labeled glass vials with 

Teflon rubber crimp caps for GC analysis. 1ml of the concentrated sample was 

injected by means of hypodermic syringe through a rubber septum into the 

column. 

 Separation occurs as the vapour constituent partition between the gas and liquid 

phases. The sample was automatically detected as it emerges from the column 

(at a constant flow rate) by Flame Ionization Detector (FID) whose response is 

dependent upon the composition of the vapour (TNRCC TX, 1997; API, 1994). 

3.5.2 LABORATORY ANALYSIS FOR MICROBIAL LOAD 

3.5.21  TOTAL HETEROTROPHIC BACTERIA (THB) 

1g of soil or 1ml of water sample is weighed into 9ml sterile diluents (0.85% NaCl) 

under aseptic condition. It is then shaken vigorously to homogenize and serially 

diluted. Then 0.1ml aliquot of the inoculums is collected using a sterile pipette, 

inoculated on Nutrient Agar (NA) surface. The inoculum is spread evenly with a 
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sterile hockey stick (Bent Rod). Plates are incubated at 370 C for 24 hours. 

Thereafter, colonies are counted to obtain colony forming unit (cfu) value per ml 

of the soil sample. Distinct colonies are picked and streaked or subculture on 

freshly prepared Nutrient Agar medium to obtain pure culture after 24 hours 

incubations at 370 C. The pure culture is gram stained for microscopic 

examination. It is also used to carry out biochemical tests for characterization and 

identification of the isolates. 

3.5.22  TOTAL HETEROTROPHIC FUNGI (THF) 

1g of soil or 1ml of water sample is weighed into 9ml sterile diluents (0.85% NaCl) 

under aseptic condition. It is then shaken vigorously to homogenize and serially 

diluted. 0.1ml aliquot of the inoculum is collected using a sterile pipette, 

inoculated on Potato Detrose Agar (PDA) or Sabouraud Dextrose Agar (SDA) 

acidified with 0.1% lactic acid to inhibit growth of bacteria and allow for only the 

growth of fungi. Inoculated plates are incubated at ambient temperature for 3-5 

days. Cultural characteristics of isolates are observed and subculture for 

purification. Microscopic examination is done using lactophenol cotton blue stain 

with by 400 magnifications. 

3.5.23  HYDROCARBON DEGRADABLE BACTERIA (HDB) 

1g of soil or 1ml of water sample is weighed into 9ml sterile diluents (0.85% NaCl) 

under aseptic condition. It is then shaken vigorously to homogenize and serially 

diluted. 0.1ml aliquot of the inoculum is inoculated on Mineral Salt Agar (MSA) 

using the spread plate technique. Sterile filter paper is soaked with crude oil and 

place in the lid of Petri dish. Plates are incubated in inverted position at ambient 

temperature for 3-5 days. Thereafter, distinct colonies are purified by 

subculturing on a freshly prepared Nutrient Agar Medium and incubated for 24 

hours, from which microscopic examination and biochemical tests are done for 

characteristic and identification. 
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3.5.24  HYDROCARBON DEGRADABLE FUNGI (HDF) 

1g of soil or 1ml of water sample is weighed into 9ml sterile diluents (0.85% NaCl) 

under aseptic condition. It is then shaken vigorously to homogenize and serially 

diluted. 0.1ml aliquot of the inoculum is inoculated on Mineral Salt Agar (MSA) 

acidified with 0.1% lactic acid. This inhibits the growth of bacteria, and permits 

only the growth of hydrocarbon degradable fungi. Sterile filter paper is soaked 

with crude oil and place in the lid of Petri dish. Plates are incubated in inverted 

position at ambient temperature for 5-7 days. Thereafter, cultural characteristics 

of isolates are observed and purified by subculturing on a freshly prepared 

Nutrient Agar Medium and incubated for 3-5 days. From the pure culture, 

microscopic examination is done using lactophenol cotton blue stain with by 400 

magnification. 

3.6 MODELLING FOR BIOLOGICAL GRADATION OF DRILLING CUTTING 

3.61 MICROBIAL GROWTH KINETICS 

The relation between the specific growth rate (µ) of a population of 

microorganisms and the substrate concentration (S) is a valuable tool in 

biotechnology. This relationship is represented by a set of empirically derived rate 

laws referred to as theoretical models [Okpokwasili1, 2005]. 

3.6.11  General model: Haldane  

 

3.6.12  General model: Yano 

 

3.6.13  General model: Aiba 
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3.6.14   General model: Edward 

 

Where; µmax is Substrate maximum growth rate, rs  is Substrate Consumption rate, 

Ki  is the substrate inhibition constant, Ks  is the Monod half-saturation constant. KS 

is that value of the limiting nutrient concentration at which the specific growth 

rate (µ) is half of its maximum value. K is a constant. 

The difference in fit (based on the coefficient of correlation, R2) between the 

three different models examined at the different initial phenol concentrations is 

very small and thus statistically insignificant as indicated by their SSE (sum of 

square errors) values.  

3.62 CORRELATION COEFFICIENT 

The quantity r, called the linear correlation coefficient, measures the strength 

and the direction of a linear relationship between two variables. The linear 

correlation coefficient is sometimes referred to as the Pearson product moment 

correlation coefficient [mathbits.com].  

The mathematical formula for computing r is: 

                              

where n is the number of pairs of data. 

The value of r is such that -1 < r < +1.  The + and – signs are used for positive 

linear correlations and negative linear correlations, respectively. Positive 

correlation: If x and y have a strong positive linear correlation, r is close to +1.  

An r value of exactly +1 indicates a perfect positive fit.   Positive values indicate a 

relationship between x and y variables such that as values for x increases, values 
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for  y also increase. Negative correlation:   If x and y have a strong negative linear 

correlation, r is close to -1.  An r value of exactly -1 indicates a perfect negative 

fit.   Negative values indicate a relationship between x and y such that as values 

for x increase, values for y decrease. No correlation:  If there is no linear 

correlation or a weak linear correlation, r is close to 0.  A value near zero means 

that there is a random, nonlinear relationship between the two variables. Note 

that r is a dimensionless quantity; that is, it does not depend on the units 

employed. A perfect correlation of ± 1 occurs only when the data points all lie 

exactly on a straight line.  If r = +1, the slope of this line is positive.  If r = -1, the 

slope of this line is negative. A correlation greater than 0.8 is generally described 

as strong, whereas a correlation less than 0.5 is generally described 

as weak.  These values can vary based upon the "type" of data being examined.  A 

study utilizing scientific data may require a stronger correlation than a study using 

social science data [mathbits.com].   
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 SAMPLE ANALYSIS INTERPRETATION 

At the end of complete degradation; all the samples analyzed for Drill cutting 

sample, are statistically represented and interpreted using mathematical models. 

Then effective comparisons of the efficient of the bio remediation are evaluated. 

TABLE 4:1 RESULT OF THE DRILL CUTTING SUBJECTED TO BIOTIC REMEDIATION 
FOR 105 DAYS 

S/N Sample Identity TPH (mg/kg) THB 
(cfu/g) 

THF 
(cfu/g) 

HDB 
(cfu/g) 

HDF 
(cfu/g) 

1 Drill Cutting (Day 0)     2,339.03  2.3x10⁵ 0.2x10⁴ 1.7x10² 1.4x10² 
2 Drill Cutting (Day 21)         2,037.36  3.6x10⁵ 0.4x10⁴ 5.8x10² 3.6x10² 
3 Drill Cutting (Day 42)         1,124.74  5.8x10⁵ 0.7x10⁴ 8.3x10² 7.0x10² 
4 Drill Cutting (Day 63)            360.84  0.9x10⁶ 4.7x10⁵ 1.8x10⁴ 1.5x10⁴ 
5 Drill Cutting (Day 84)              40.42  2.1x10⁶ 8.5x10⁵ 4.3x10⁴ 2.8x10⁴ 
6 Drill Cutting (Day 105)                1.98  3.4x10⁶ 1.6x106 0.6x10⁵ 6.3x10⁴ 
7 DPR Target value(s) for 

standard soil 
50 (as Mineral 

Oil) 
NS NS NS NS 

 

TABLE 4.2: MICROBIAL LOAD COUNT AGAINST TIME  

TIME 
(DAYS) 0 21 42 63 84 105 

THB 230000 360000 580000 900000 2100000 3400000 

THF 2000 4000 7000 470000 850000 1600000 

HDB 170 580 830 18000 43000 60000 

HDF 140 360 700 15000 28000 63000 
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4.2 APPLICATION OF KINETIC MODEL TO ANALYSE THE SPECIFIC GROWTH RATE 

(µ) FOR EACH OF THE MICROBIAL LOAD, (THB, THF, HDB & HDF) 

The classical method of obtaining biokenitic parameters (constants) is linearized 
kinetic models [Gibson AM eta al, 1987]. The biokinetic constants for the four 
models are obtained from non-linear regression technique in MATLAB 8.0 
software using Curve fitting. 

1. Haldane [Boon B. & Laudelout H.,1962] 

 

 

2. Yano [Yano T & Koga S. 1969] 

 

 

3. Aiba [Aiba S et al, 1968] 

 

 

4. Edward [Chen, B. Y et al, 2004] 
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Table 4.3:  Summary of Growth Kinetics parameter obtained from different 
models during biodegradation TPH (mg/kg) by THB (cfu/g) 

Model μmax (h-1) 

 

KS (mg/L) 

 

KI (mg/L) 

 

K (mg/L) 

 

Haldane -1405 x 100   71.69 x 100   1.257 x 104   

Yano 276.3 x 100 297.7 x 100 3.699 x 104   -3.892 x 104   

Aiba 18.8 x 100  -25.49 x 100 2.7 x 100  

Edwards 0.08347 x 100 0.1332 x 100 0.1734 x 100  

 

 

Table 4.4:  Summary of growth Kinetics parameter obtained from different 
models during biodegradation of TPH (mg/kg) by THF (cfu/g) 

Model μmax (h-1)) 

 

KS (mg/L) 

 

KI (mg/L) 

 

K (mg/L) 

 

Haldane -67.85 x 100  0.4259 x 100 1468 x 100  

Yano 121.7 x 100 1.356 x 104   1.356 x 104   -1.383 x 104   

Aiba 21.76 x 100 -18.37 x 100 1.937 x 100  

Edwards -9.94 x 100 0.682 x 100 0.04243 x 100  
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Table 4.5: Summary of growth Kinetics parameter obtained from different 
models during biodegradation of TPH (mg/kg) by HDB (cfu/g) 

Model μmax (h-1)) 

 

KS (mg/L) 

 

KI (mg/L) 

 

K (mg/L) 

 

Haldane 14.85 x 100 -0.2182 x 100 3487 x 100  

Yano 392 x 100 393.4 x 100 -7.995 x 104   7.354 x 104   

Aiba 9.457 x 100 -35.94 x 100 6.199 x 100  

Edwards 1.458 x 104 0.0746 x 100 1080 x 100  

 

 
 
Table 4.6: Summary of growth Kinetics parameter obtained from different 
models during biodegradation of TPH (mg/kg) by HDF (cfu/g) 

Model μmax (h-1) 

 

KS (mg/L) 

 

KI (mg/L) 

 

K (mg/L) 

 

Haldane      156.3        -2.239      3400  

Yano      36.24        39.45 -2.726e+004     2.638e+004 

Aiba      6.144       -32.38     4.519  

Edwards     1.121e+004       0.03054     1664  
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4.3 DETERMINATION OF SPECIFIC GROWTH RATE FROM THE SAMPLE ANALYSIS 

BY EMPLOYING KINETIC MODELS FOR BIODEGRADATION 

The specific Growth rates of the biotic degradation of drilling cutting were 

evaluated using the Four Model to determine the best Model the fit the 

experimental data obtained from the sample.  MATLAB 8.0 software was used to 

describe the behavior of the microbial load against the degradation of TPH and 

Time for degradation. Find below tabulation and graphic analysis; 
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TABLE 4.7:  SPECIFIC GROWTH RATE- (µ x 103) FOR THB (cfu/g) ON TPH (mg/kg) 

 

TIME 
(DAYS) 

TPH HALDANE YANO AIBA EDWARD 

0 2,339.03 -1.154734593973148  0.232828806207649 0.000000000000000 0.000000000000000 

21 2,037.36 -1.173504190278669 0.230573587834682 0.000000000000000 0.000000000000000 

42 1,124.74 -1.218330667336093 0.213489099474100 0.000000000000000 0.000000000000000 

63 360.84 -1.144713119536185 0.150598139042139 0.000000000000000 0.000000000000000 

84 40.42 -0.505970358389319 0.033025520057566 0.000000016037812 0.000000000000000 

105 1.98 -0.037761479879791 0.001825526583458 -0.000760479988421 0.000000000887960 
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Fig. 4.1; Graphical presentation of THB Specific Growth against TPH & Times (h) 
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TABLE 4.8:  SPECIFIC GROWTH RATE- µ FOR THF (cfu/g) ON TPH (mg/kg) 

 

TIME 
(DAYS) 

TPH HALDANE YANO AIBA EDWARD 

0 2,339.03 -26.161287697966088 17.534516710123011 0.000000000000000 0.000000000000000 

21 2,037.36 -28.412226107891492 15.635064689427745 0.000000000000000 0.000000000000000 

42 1,124.74 -38.408189649039421 9.267212893660968 0.000000000000000 0.000000000000000 

63 360.84 -54.411278473209748   3.152449666205682 0.000000000000000 0.000000000000000 

84 40.42 -65.361622702478783 0.017767759196209 0.000000034536985 0.000000000000000 

105 1.98 -55.777066094806301 0.017767759196209 -0.945822458739714 0.545169357010116 
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Fig. 4.2; Graphical presentation of THF Specific Growth against TPH & Times (h) 
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TABLE 4.9:  SPECIFIC GROWTH RATE- (µ x 104) FOR HDB (cfu/g) ON TPH (mg/kg) 

TIME 
(DAYS) 

TPH HALDANE YANO AIBA EDWARD 

0 2,339.03 0.009265007129136 0.003924399082149 0.000000000000000 0.274873050288178 

21 2,037.36 0.009780213888748 0.003860028787314 0.000000000000000 0.329508260381742 

42 1,124.74 0.011762357925520 0.003653019961239 0.000000000000000 0.570236360432313 

63 360.84 0.014210066939492 0.003306840303980 0.000000000000000 0.902460986965560 

84 40.42 0.016340913643031 0.001835385612880 0.000000402961229 1.094097999117002 

105 1.98 -0.120022366209959 0.000173196835872 -0.000025820025808 1.119666911069575 
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Fig. 4.3; Graphical presentation of HDB Specific Growth against TPH & Times (h) 

 

 

 

 



57 
 

TABLE 4.10:  SPECIFIC GROWTH RATE- (µ x 104) FOR HDF (cfu/g) ON TPH (mg/kg) 

Time 
(Days) 

TPH Haldane Yano Aiba Edward 

0 2,339.03 0.009265007129136 0.003924399082149 0.000000000000000 0.274873050288178 

21 2,037.36 0.009780213888748 0.003860028787314 0.000000000000000 0.329508260381742 

42 1,124.74 0.011762357925520 0.003653019961239 0.000000000000000 0.570236360432313 

63 360.84 0.014210066939492 0.003306840303980 0.000000000000000 0.902460986965560 

84 40.42 0.016340913643031 0.001835385612880 0.000000402961229 1.094097999117002 

105 1.98 -0.120022366209959 0.000173196835872 -0.000025820025808 1.119666911069575 
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Fig. 4.4; Graphical presentation of HDF Specific Growth against TPH & Times (h) 
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4.4 CORRELATION OF TPH AGAINST SPECIFIC GROWTH RATES OF THE MICROBIAL LOAD 

TABLE 4.11: FOR THB on TPH the Correlation for the Four Models 

        

 
  TPH HALDENE YANO AIBA EDWARD 

 
 

TPH 1 
     

 
HALDENE -0.69907 1 

    
 

YANO 0.880257 -0.94086 1 
   

 
AIBA 0.471379 -0.83644 0.676546 1 

  
 

EDWARD -0.47139 0.836454 -0.67656 -1 1 
 

       

 
 

 

 
Fig. 4.5; Graphical Correlation of THB (cfu/g) on TPH (mg/kg) 
 
 

 
 
 

 
 

  



60 
 

TABLE 4.12: FOR THF on TPH the Correlation For The Four Models 

 

  TPH Haldane Yano Aiba Edward 

TPH 1 
    Haldane 0.970029 1 

   Yano 0.998743 0.977333 1 
  Aiba 0.471391 0.335842 0.479167 1 

 Edward -0.47139 -0.33584 -0.47917 -1 1 

 

 

Fig. 4.6; Graphical Correlation THF (cfu/g) on TPH (mg/kg) 
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TABLE 4.13: FOR HDB on TPH the Correlation For The Four Models 

  TPH Haldane Yano Aiba Edward 

TPH 1 
    Haldane -0.96279 1 

   Yano 0.918512 -0.97267 1 
  Aiba 0.297646 -0.50657 0.430142 1 

 Edward -0.97386 0.983612 -0.98051 -0.35611 1 

 

 

Fig. 4.7; Graphical Correlation HDB (cfu/g) on TPH (mg/kg) 
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TABLE 4.14: FOR HDF on TPH the Correlation For The Four Models 

  TPH Haldane Yano Aiba Edward 

TPH 1 
    Haldane 0.427988 1 

   Yano 0.776858 0.832875 1 
  Aiba 0.462824 0.999232 0.849512 1 

 Edward -0.98816 -0.48482 -0.83946 -0.51805 1 

 

 

Fig. 4.8; Graphical Correlation HDF (cfu/g) on TPH (mg/kg) 
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TABLE 4.15: AVERAGE SPECIFIC GROWTH RATE OF MICROBIAL LOAD 

S/N MODEL 

Average Specific Growth Rate 

  

Haldane Yano Aiba Edward 

1 THB -872.5 143.72 -0.1267 1.48E-07 

2 THF -44.755 7.604 -0.157 0.0908 

3 HDB 12.399 200.059 -0.458 8018.813 

4 HDF -97.773 27.921 -0.0423 7151.405 
 

 

Fig. 4.9; Average Specific Growth Rates 
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4.5 COMPARISON OF THE SPECIFIC GROWTH RATE WITH TIME ON DEGRADATION OF TPH BY HYDROCARBON  
DEGRADABLE ORGANISM 

TABLE 4.16:  Specific Growth for HDB (cfu/g) on TPH (mg/kg) 
  

  Time TPH Haldane Yano Aiba Edward 

1 Day 0 2,339.03 8.89E+00 3.44E+02 0 1.67E+03 

2 Day 21 2,037.36 9.37E+00 3.36E+02 0 2.21E+03 

3 Day 42 1,124.74 1.12E+01 2.94E+02 0 5.15E+03 

4 Day 63 360.84 1.35E+01 1.88E+02 0 1.04E+04 

5 Day 84 40.42 1.48E+01 3.65E+01 1.26E-01 1.40E+04 
6 Day 105 1.98 1.67E+01 1.96E+00 -4.01E-01 1.46E+04 

 

 

Fig. 4.10; SPECIFIC GROWTH RATE WITH TIME ON DEGRADATION OF TPH BY HDB 



65 
 

TABLE 4.17: Specific Growth for HDF (cfu/g) on TPH mg/kg) 
      

    

  Time TPH Haldane Yano Aiba Edward 

1 Day 0 2,339.03 9.27E+01 3.92E+01 0 2.75E+03 

2 Day 21 2,037.36 9.78E+01 3.86E+01 0 3.30E+03 

3 Day 42 1,124.74 1.18E+02 3.65E+01 0 5.70E+03 

4 Day 63 360.84 1.42E+02 3.31E+01 0 9.02E+03 

5 Day 84 40.42 1.63E+02 1.84E+01 4.03E-03 1.09E+04 

6 Day 105 1.98 -1.20E+03 1.73E+00 -2.58E-01 1.12E+04 
 

 

Fig. 4.11; SPECIFIC GROWTH RATE WITH TIME ON DEGRADATION OF TPH BY HDF 
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TABLE 4.18: CONCENTRATION OF TPHø IN PILOT PAN AND TPHB DEGRADATED BY THE MICROORGANISM CUM 
REMOVAL EFFICIENCY 

TIME (DAYS) 0 21 42 63 84 105 

TPHø 2339.03 2037.36 1124.74 360.84 40.42 1.98 

In (TPHø) 7.7575 7.6194 7.0253 5.8884 3.6993 0.6831 

TPHB 0 301.67 912.62 764.74 320 38.02 

Removal 
Efficiency (%)  0.0 12.90 44.79 67.91 88.80 95.10 

        

  

Fig. 4.12; CONCENTRATION OF TPHø IN PLOT PAN AND TPHB DEGRADATED BY THE MICRORGANISM 



67 
 

 

Fig. 4.13; Demonstration of Removal Efficiency with Time  

Table 4.19; Correlation Co-efficiency of TPH Degradation, Removal Efficiency with Time  

     
  TIME (DAYS) TPHø Removal Efficiency 

 
TIME (DAYS) 1 

   

TPHø -0.96573 1 
  

Removal Efficiency 0.986197 -0.99368 1 
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Table 4.20; Concentration of TPH in Soil and Cumulative TPH biodegraded   

TIME (DAYS) 0 21 42 63 84 105 

TPHø 2339.03 2037.36 1124.74 360.84 40.42 1.98 

TPHB cumulative 0.00  301.67 1214.29 1978.19 2298.61 2337.05 
 

 

 

Fig. 4.14; Linear degradation Isotherm for the Biodegradation of TPH from Drill Cutting  
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Fig. 4.15; Plot of In (TPHø) against Time for Biodegradation of TPH from Drill Cutting Using Bio-stimulation Technique 

 

Fig. 4.16; Microbial Load Count against Time (Days) 
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Fig. 4.17; THB & THF Count against Time (Days) 

 

Fig. 4.18; HDB & HDF Count against Time (Days)  
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4.6 FINDINGS AND DISCUSSION 

From the graphical presentation; observations were denoted as per the 

performance of the microbial degradation on the TPH found on the sample. The 

time duration for the TPH to degrade to regulatory limit was approximately 105 

days under aerobic condition. In linear regression models the coefficient of 

determination or r2 is used to assess the quality of fit of a model. However, in 

nonlinear regression where difference in the number of parameters between one 

models to another is normal, the adoption of the above method, does not readily 

provides comparable analysis [Halmi et al, 2014]. Hence, interpretations were 

derived from Typical Growth Phase and other Statistical presentation. However, 

in this study we concentrated on Models that displayed growth phase pattern 

that are best fitted to the typical growth phase as stipulated by [Dhinakar, 1985]. 

Although isolation of microorganisms was not carried out, the dependence on 

indigenous microbes were utilized in the degradation of TPH. The ability of a wide 

variety of bacterial and fungal genera to degrade and/or utilize hydrocarbon 

substrates have been reported Okpokwasili and Nnubia (1999); Nweke and 

Okpokwasili, 2003. 

The tabulation of the experimental data was presented in Table 4.1. We deducted 

from the table the TPH depleted with time whereas the microbial load increases 

with time. This emphasized on the TPH serving as nutrient for the microbial load 
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hereby performing a removal process.  Increase in count for microbial load 

reviewed that there where availability of nutrient source from the TBH. 

Availability of nutrient supports the effective growth of the Microbial Load. 

4.61 RELATIONSHIP BETWEEN MICROBIAL LOAD COUNT AND TIME 

Table 4.2 reviewed the count of Microbial load with time during the 

bioremediation process.  In relating the THB, THF, HDB and HDF with time THB 

was able to strive through the process and shown continuous increased from 

230000 to 3400000 (cfu/g). This aligned with Rahman et al 2003, Brooijman et al, 

2009 and Yakimov et al, 2007 reports that stated that bacteria survived vigorously 

in TPH. THB high count could also be spotted in fig 4.16 throughout the removal 

process. In comparison of THB to THF; the difference was sharp clear as displayed 

in Fig 4.17. THB has a correlation of 0.9873 to THF (see table 4.21); this implied 

that THB increase count favours THF count and again bacteria are considered as 

primary degraders and most  active agents in petroleum degradation as 

stipulated by [Rahman et al 2003, Brooijman et al, 2009] whereas fungal genera 

are refer to potential degrader of crude oil hydrocarbons according to Singh, 

2006.  The THF count sparked up at 63 days (see table 4.17); this implied probably 

the days whereby THF got absolute conducive environmental condition for more 

growth. Thereafter the inhibition was overcome as there was high availability of 

nutrients for increased cell growth and enhanced biodegradation rate according 



73 
 

to Akpoveta O. et al, 2011. There are a lot of litrerature works pivoted to 

biodegration with the use of fungi [Hestbjerg et al, 2003; Husaini et al, 2008; 

Sasek et al, 2003; Wieschie et al, 2003; Zheng and Obbrard, 2001]. The majority of 

filamentous fungi are not capable to totally mineralize aromatic hydrocarbons; 

they only transform them into indirect products of decreased toxicity and 

performed susceptibility to decomposition with the use of bacteria. Similar 

pattern also occurred in HDB and HDF; they both increases in their load count at 

63 days (see table 4.18).  Theses conditions could be traced to the active period 

of removal of TPH from the drill cutting (see fig. 4.13) as well as considering the 

removal efficiency with time; which took place from day 21 to day 63. There was 

a slide slope at these periods (see fig. 4.13) and removal efficiency was about 

from 12.9% to 67.91%. In addition to the above pattern from the microbial load 

count increment; it is also deducted that at day 42 we observed the highest 

amount of TPH removed by degradable microbial load with removal efficiency of 

approximately 50% (see Table 4.18).  

Table 4.21; Correlation coefficient between Microbial load and Time   

  TIME (DAYS) THB THF HDB HDF 

TIME (DAYS) 1 
    THB 0.918469 1 

   THF 0.913129 0.987251 1 
  HDB 0.927184 0.983708 0.985811 1 

 HDF 0.888679 0.985432 0.995329 0.968359 1 
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These high activities of microbial load could also be related on the interaction of 

Residual TPH (TPHø) and Cumulative concentration of TPH degraded by the 

present microbes (TPHB cumulative) at day 42 with 1124.74 and 1214.29 respectively. 

The amounts of TPH cumulatively removed at day 42 by microbial load were 

approximately half the initial TPH. The correlations were positively high among 

the individual microbial load and also against time (see Table 4.21). Time 

correlation with microbial reviewed that HDB with the highest correlation of 

0.9272 whereas HDF has the lowest correlation of 0.8887.  

4.62 EFFECT OF THE TPH CONCENTRATION ON ITS OWN DEGRADATION AND 

GROWTH OF THE MICROBIAL LOAD WITH ITS GROWTH PHASE IMPLICATION. 

The high concentration of the TPH with the presence of substrate inhibition 

limited speed degradation of TPH until 42 days where there was approximately 

about 50% degradation from the sample (See Table 4.18). Initial TPH 

concentration is a vital factor, as it presents the inhibitory effect on microbial 

activity on degradation system. At high concentration it could result to decrease 

in degradation efficiency [Mahendra & Maria, 2015].  

Thereafter the inhibition was overcome as there was high availability of nutrients 

for increased cell growth and enhanced biodegradation rate according to 

Akpoveta O. et al, 2011.  
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Another factor that could resist the initial concentration is if the microbial 

possessed less sensitivity to the substrate inhibition [Mathur and Majumder, 

2010]. Microbial load with higher KI value physically means that the culture is less 

sensitive to substrate inhibition and vice versa [and Majumder, 2010].  

Haldane Model under HDF displayed a long a zero specific growth rate for almost 

the entire period of the experiment and then decline to negative values of 

specific growth rate. The pattern is not in conformity to the typical growth phase 

of microbial load under an aerobic condition (Fig 4.4). For THB & THF under 

Haldane Model the specific growth rates were still below zero value. There were 

increases in specific growth rate for THF by 2000hrs (83 Days). The only possible 

explanation for the increase in population THF; must be the increase of HDF that 

thrived in the presence of progressive decrease of TPH (see fig 4.2). According to 

Apkoveta et al, 2011; that progressive decrease of TPH concentration favours 

increased Fungi growth for some fungi specie [Akpoveta et al, 2011]. But, there 

were three growth phase observed under HDB; Lag phase, accelerating and 

exponential Phase (See Fig 4.1 & 4.2). From Haldane Model; HDB reviewed the 

high concentration of TPH would have played a delayed in the growth of the 

microbial load which subsequently limit degradation of TPH (See Fig.4.3).  

Haldane Model displayed HDF against the concentration of TPH shown a high 

insignificant relationship between the two variables (See Fig. 4.4). This might be 
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because the model was not the best fit for the experimental data. For THB and 

THF against the TPH; the relationship of depletion of TPH was of negative values; 

which implied there were no favourable condition for specific growth rate of the 

microbial load (See fig 4.1 & 4.2). However, HDB against TPH shown a depletion 

of the TPH favoured the specific growth rate of microbial load (See fig.4.3).  

Under Yano Model there were more graphs of best presentation of typical growth 

phase. For THB at high concentration of TPH the specific growth rate was high 

and reduces as TPH depletes (Fig 4.1). This could indicates that part of the THB 

were immediately dependent on the substrate content. This pattern was also 

similar to the HDB & HDF (Fig 4.3 & 4.4). THF reviewed a linear relationship graph 

with TPH (see fig. 4.2). Hereby, Fungi should be actively responsible for the 

removal of TPH. This process of using linear relationship for determining such 

biodegradation process was also reported by Jone, 1988; Omo-odudu & Oforka, 

1999; Rim-Rukek, 2005. 

Yano Model for Specific growth rate of THB, THF, HDB & HDF plotted against Time 

displayed a stationary growth phase to death phase (see fig. 4.1 - 4.4). Deduction 

made from these growth phase pattern implied that the THB might have non-

conducive environment for growth as stated by D.W Tempest [Tempest, 1978]. 

Another factor that could be the effect of clay found in the drill cuttings on 

Microbial degradation. Some drill cuttings, as discovered during the reactor 
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experiments, will be predominantly clays, which are renowned for absorbing 

organics, making them less available for the bacteria to degrade. Having some 

prior knowledge as to the mineralogy of the cuttings would have been useful, in 

that the behaviour of the material might have been more predictable [Katharine, 

2001]. Ortega-Calvo et al, 1997 claimed in their paper "clays represent an 

important hindrance for bioremediation technologies, as they may cause 

retardation in the biological removal of hydrophobic pollutants".  Additional uses 

for the drill cuttings would be providing a low nutrient carbon-bulking agent that 

would be introducing a highly concentrated and metabolically active culture into 

the cuttings, with the beneficial effect of bulking up the clay material that may aid 

bacterial contact with the hydrocarbon contaminant. Drill cuttings can contain 

varying quantities of heavy metals, being heterogeneous mixtures of differing 

strata; some drilling muds also contain heavy metals. Bacillus have biodegraded 

hydrocarbons in the presence of heavy metals [98], although at a slower rate. 

Drill cutting wastes contain heavy metals [Neff and Duxbury, 2005 and 

Gbadeboet al, 2010]. 

Population growth also may cease due to the accumulation of toxic waste 

products. One obvious factor is nutrient limitation; if an essential nutrient is 

severely depleted, population growth will slow. Thus entrance into the stationary 

phase may result from several factors operating in concert [Ingraham, 1983]. The 
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death phase is as a result of detrimental environmental changes such as nutrient 

deprivation and the buildup of toxic wastes (accumulation of toxic byproduct) 

caused irreparable harm and loss of viability [Ingraham, 1983] 

Aiba Model for specific growth rate plotted against TPH and Time were not best 

fit for the experimental data as per their graph patterns were definitely off 

comparison to the typical growth phase. None of the graph could show any 

growth phases and any relationship to the concentration of TPH (see fig. 4.1 - 

4.4). 

Finally, Edward Model growth phase for THF & THB were completely off typical 

growth phase. It was observed that Edward Model could not fit the experimental 

data for THF & THB (see fig. 4.1 & 4.2). However for HDF & HDB the specific 

growth rate was a perfect typical growth phase (see fig. 4.1 & 4.2). This pattern 

might be result to the increased values in the HDB & HDF KI of 1080 & 1664 

respectively. There were lag phase, exponential phase and lastly the stationary 

phase. There were no death phases at the end of the complete degradation of 

TPH (at 105 days). The lag phase results from microbial load developing new 

enzyme to adapt to the environment and have access to the available nutrient 

and oxygen. Possibly the microbial load are recovering from injuries and require 

time. Despise the causes, the microbes cells will definitely begin to replicate their 

DNA, increase in mass, and finally divide [Ingraham, 1983]. The point between the 
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lag phase and the exponential phase is known as the accelerating phase 

[Jianqiang et al, 2000]. With availability of nutrients and cell adaptation to 

physiological & metabolic changes, the growth phase will to enter into 

exponential phase [Jianqiang et al, 2000].  

Exponential phase involved constant growth rate. Their population is uniform in 

terms of chemical & physical properties during this phase. The rate of growth also 

increases with nutrient concentration but in a hyperbolic manner [Ingraham, 

1983]. The point between the exponential phase and the stationary phase is 

known as the decelerating phase [Jianqiang et al, 2000]. Reason for this phase is 

probably due to nutrient limitation (TPH depletion); as population become slow. 

Again presence of more toxic waste could lead to growth inhibition [Ingraham, 

1983]. Considering that bacteria nearly always display a lag phase when 

introduced to a new environment [Katharine, 2001]. For this experiment the 

microorganism were not immediate introduced to the environment but the 

indigenous microorganism where utilized for the degradation. 

These conditions also support Bio-stimulation in significant increase in the 

population of HDB & HDF as reviewed in Edwards Model (See fig 4.11). 

Conclusively; Edwards Model served as the best model for the experimental data 

of the HDB & HDF. 
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4.63 TIME (DAYS) FACTOR ON DEGRADATION OF TPH  

Yano Model demonstrated good relationship of specific growth rate with time 

(See Fig. 4.1-4.4); it reviewed the reduced growth rate with time as the substrate 

depletes. Whereas Edwards Model shows increase specific growth rate of HDF 

and HDB as substrates depletes (See Fig 4.3 & 4.4). 

See Fig. 4.13 reviewed massive removal from day 21 to Day 63. This supported 

many factors, such as availabilities of nutrient, favourable environment, 

resistance to the substrate inhibition by the microbial load and cell adaptation to 

physiological and metabolic changes to heavy metals from the drilling muds and 

toxic wastes [Ortega-Calvo et al, 1997, Ingraham, 1983].  

The graph in the Fig 4.13 also supported the lag phase displayed by the Edward 

Models for HDF & HDB in Fig 4.3 and 4.4. The time from Day 0 to 21 days might 

be the period for the Lag phase (See Fig 4.13). In Lag phase; the microbial load 

developed new enzyme to adapt to the environment and have access to the 

available nutrient and oxygen. Possibly the microbial load are recovering from 

injuries and require time. Despise the causes, the microbes cells will definitely 

begin to replicate their DNA, increase in mass, and finally divide [Ingraham, 

1983].  

Day 21 to Day 63 represented the exponential phase, which implies the period in 

which the microbial loads possessed all necessary factors that will support 
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constant specific growth rate. Their population is uniform in terms of chemical 

and physical properties during this phase. The rate of growth also increases with 

nutrient concentration but in a hyperbolic manner [Ingraham, 1983]. 

Consequently; this period was the best active time for effective and efficiency 

removal of TPH (See Fig 4.13). The cells growth is insignificant after the 

exponential phase [Mahendra & Maria, 2015]. 

Day 63 to Day 84 represented the duration for stationary growth phase. In this 

phase the population growth ceases and the growth curve levels off. One obvious 

factor is nutrient limitation; such essential nutrient depletion will slow the 

population growth [Ingraham, 1983]. Another factor that could result to this 

phase where the population growths gradually cease; is due to the accumulation 

of toxic waste products [Ingraham, 1983]. The microbial cells growth plays an 

important role in the degrading efficiency of the microbes, since it is associated 

with the density of microbial population [Loh and Wang, 1998]. The cells growth 

is insignificant after the exponential phase [Mahendra & Maria, 2015]. 

Day 84 to Day 105 stand for the period where the cell growth is lower than the 

cell death. The phase is known as the death phase. This phase was only observed 

from Yano Model for THB, THF, HDB and HDF (See Fig 4.1 to 4.4). 

Correlation coefficiency of the degradation of TPH to Time Factor -0.9657 (See 

Table 4.19).  This predicts how Time factor could play effective role in the removal 
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of TPH. Correlation coefficiency of the degradation of TPH to Removal efficiency 

is -0.9936.The removal efficiency for the TPH is approximately 100% at 105 dyas. 

Accounting for effectiveness of the biotic removal of TPH from the sample by 

microbial load.  Correlation coefficiency of the Time to removal efficiency plays an 

active positive support in the effectiveness and efficiency of this removal with the 

value of 0.9862 

4.64 REMOVAL EFFICIENCY AGAINST THE TPH REMOVAL AND ANALYSIS OF THE 

KINETICS FOR BIODEGRADATION PROCESS & DERIVATION OF RATE CONSTANT 

TPH at high concentration will result to substrate inhibition; hereby limiting speed 

degradation of TPH until 42 days; whereby there was approximately about 50% 

degradation from the sample (See Table 4.18). Initial TPH concentration is a vital 

factor, as it presents the inhibitory effect on microbial activity on degradation 

system. At high concentration it could result to decrease in degradation efficiency 

[Mahendra & Maria, 2015]. The time duration for effective removal of Drill 

cuttings was 105 days with an optimum day at 42days (removal efficiency of 

approximately 50%). The removal efficiency of 95.10% was obtained on the 15 

week indicating the efficiency & effectiveness of the process.  

With availability of nutrients and cell adaptation to physiological & metabolic 

changes; the growth phases will to enter into exponential phases [Jianqiang, 

2000]. Exponential phase involved constant growth rate. 
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The concentration of TPH left in soil at regularly speed intervals and their natural 

logarithm were plotted against time as revealed in Fig.4.15 in order to analyze the 

kinetics for the biodegradation process [Akpoveta O. et al, 2011]. The 

biodegradation kinetics process in a plot of InTPHø against time was linear. The 

Rate constant was observed to be 0.0657day-1. The correlation analysis of R2 for 

the TPH biodegradation kinetics process was also observed to be 0.8647, 

signifying linearity & positive correlations for the decrease in concentration of 

TPH as a function of time. This pattern was similarly reported by Peijun et al 2004.  

Note; in analyzing the Biodegradation kinetic process the values for TPH is (In 

TPHø) against time is applied. But for removal efficiency the correlation 

coefficiency for residual TPH (TPHø ) is -0.9937 (see Table 4.19); implying that the 

removal of TPHø is relatively an effective progress for the removal efficiency, 

supporting the significant of the microbial load actively responsible for the 

removal of TPH in the drill cuttings.  

4.65 EFFECT OF SUBSTRATE INHIBITION CONSTANT 

The inhibition constant KI is the substrate concentration at which bacterial growth 

or substrate degradation reduced to 50% of the maximum specific degradation 

rate of the substrate due to substrate inhibition. The magnitude of this parameter 

indicates the inhibition tendency. It also indicates the degree of toxicity of the 
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substrate towards the microorganisms. A lower KI values indicates that 

microorganisms have a higher sensitivity to substrate inhibition [Djaber, 2013]. 

Yano model displayed highest values of KI =3.699 x 104 for THB and lowest values 

of -2.726 x 104 for HDF (See Table 4.3 & 4.6); which implied less sensitive to 

substrate inhibition for THB and higher sensitive for HDF respectively. The value 

of KI for THF is 1.356 x 104. The reason for the large inhibition constant (KI) may be 

due to the fact the substrate was not in close proximity to the inhibition constant 

[Agarry et al, 2008]. This condition may also be supported by the correlation 

coefficiency of 0.8803 between THB and TPH (table 4.11). Indicating that an 

increase in TPH favours THB; however in this study the TPH was subjected to 

depletion with time. The behaviors could account for the graph presentation 

showing stationary growth phase (See fig 4.1 to 4.4 for growth rate against time). 

As noted by A.k Mathur & C.B Majumder research study; KI values indicated the 

sensitiveness of the culture to substrate inhibition [Mathur & Majumder, 2010]. 

The higher KI value physically means that the culture is less sensitive to substrate 

inhibition and vice versa.  

With HDF and HDB having KI = -2.726 x 104 and -7.995 x 104 respectively (See table 

4.3 & 4.6); they are expected to exhibit a higher sensitive to substrate but rather 

their growth phase did not show the pattern of lag phase (for Yano Model) as 

stipulated by Sudipta Dey and Somnath Mukherjee; that states “if the lag phase 
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growth is short it implies there are almost no inhibitory effects [Sudipta and 

Somnath, 2010]”.  From additional finding by Sudipta Dey and Somnath 

Mukherjee; this may be due to the fact that some model takes cares of the value 

of inhibition constant KI, that is an important parameter in understanding the 

kinetics of the microorganism in the system [Sudipta and Somnath, 2010].  

Haldane model displayed highest values of KI =1.257 x 104 for THB and lowest 

values of 1468 for THF (See Table 4.3 & 4.4); which implied less sensitive to 

substrate inhibition for all the microbial load. From Fig. 4.1, 4.2 & 4.4 showing the 

microbial growth phase; it could be deducted that THB, THF & HDF displayed 

typical growth phase patterns of lag phase, accelerating phase, exponential 

phase, stationary phase and death phase in a decreased specific growth rate. The 

long lag phase should indicated higher sensitivity to inhibitory effect. But for THB 

with high KI the experimental expectation of a short lag phases [Sudipta and 

Somnath, 2010] should be observed. Therefore the reason for the long lag phases 

maybe as a result of other factors outside inhibition constant. HDB with high KI = 

3487; indicated less sensitivity to inhibitory effect. Probably that could have lead 

to the reasons why the lag phase was for a short period (See Fig. 4.3) [Sudipta and 

Somnath, 2010]. It also the only Microbial load that shown positive specific 

growth rate for Haldane Model (See Fig. 4.3). 
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Aiba Model reviewed highest values of KI =6.199 for HDB and lowest values of 2.7 

for THB (See Table 4.5 & 4.3); they are very low compared with other Inhibition 

constants KI from Haldane, Yano and Edward Model. Probably this could warrant 

the consequent of unrecognized growth phase pattern. This may account for 

reasons why the Aiba Model could not fit the experimental data. 

Edward model displayed lowest values of KI =0.04243 for THF and highest values 

of KI =1664 for HDF (table 4.3 & 4.6); which implied high sensitive to substrate 

inhibition for THF and less sensitive for HDF.  The behaviors could account for the 

graph pattern showing lag growth phase, increase growth, exponential growth 

and decreasing phase for HDB and HDF (See fig 4.1 to 4.4 for Growth rate against 

time) [41]. Due to the effect of the Substrate inhibition on THF & THB; Edward 

Model could not fit the parameters for growth phase. However, for HDF & HDB 

against time the growth phase displayed a typical growth phase. And the lag 

phase was short (see fig 4.3 & 4.4) due to high values of KI =1664 and 1080 for 

HDF and HDB respectively (Table 4.5 & 4.6). These conditions of short lag phase 

were stipulated by Sudipta Dey and Somnath Mukherjee; that states “if the lag 

phase growth is short it implies there are almost no inhibitory effects [Sudipta 

and Somnath, 2010]”.  Conclusively; these compliance to the typical growth 

phase for microbial growth, position Edward Model best fitted for the 

experimental data used in this study of biotic removal of drill cutting. 
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4.66 DEGRADATION ISOTHERM FOR THE BIOREMEDIATION 

The biodegradation Isotherm at resident temperature under aerobic condition for 

the biodegradation study of Drill cutting (removal of TPH) was computed from 

the concentration TPH degraded by the microbial load and the residual 

concentration of TPH left in the soil at each time.  Cumulative concentration of 

TPH degraded by the present microbes (TPHB cumulative) was computed obtaining 

the cumulative of TPH removed by the microbes at total time from the residual 

TPH (TPHø) left after degradation (see Table 4.20). There are two concentration 

values representing the concentration of TPH; TPHB cumulative degraded by microbial 

load and the TPHø left in the soil after degradation. A plot of TPHø against TPHB 

cumulative reviewed a straight line graph with the values of TPHø and TPHB cumulative 

linearly related. The line plotted through the points is known as the LINEAR 

BIODEGRADATION ISOTHERM and is refer to Kd = TPHø /TPHB cumulative. The 

biodegradation isotherm was plotted to the same scale for comparison and the Kd 

value calculated using a linear regression analysis as shown in the linear 

regression equation (see fig. 4.14). The negative value of unity for Kd  indicates 

the opposing trend between TPHø and TPHB cumulative which explains that as the 

concentration of TPHø is decreasing with time, the concentration of TPHB cumulative is 

increasing for the biodegradation study. This can be interpreted to positive 

relationship between the two variables; as degraded contaminant is reducing, the 
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parent contaminant left in the soil is also reducing. Full proof that the 

biodegradation is effective and responsible for degradation of the TPH based on 

the negative value of unity for Kd.  This can also be deducted from the graph 

presentation where the pattern of the TPH degradation is similar to the graph 

pattern of Removal Efficiency (See fig.4.13). This brings a full support for the 

correlation co-efficiency discussed above. 

Akpofure in a research illustrated the mass loss of oil base drill cuttings 

encapsulated with cement slab during the period of the experiment (t), indicates 

approximately linear relationship between ΔM & T, [Akpofure & Rim-Rukeh, 

2011] 

 ΔM= kt 

When the log of mass-loss is plotted against time, an approximate linear 

relationship is obtained. These confirmed a first-order chemical reaction for the 

biodegradation process. This process of using linear relationship for determining 

such biodegradation process was also reported by Jone, 1988; Omo-odudu & 

Oforka, 1999; Rim-Rukek, 2005. 

4.67 EXPLORATION OF BEST-FIT KINETIC MODEL FOR TPH BIODEGRADATION 

The distribution graph of the four models predicted a pattern of activities 

involved in the degradation of TPH. At high concentration of TPH; Yano reviewed 
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an effective pattern of the specific growth phase, followed by Edwards, Haldane 

and lastly Aiba (which is mostly off a typical growth phase) See Fig 4.1-4.4. 

Later after 42 days of active removal of the TPH by THB & THF as presented by 

Yano & Haldane but HDF & HDB sparked up an effective increase in growth as 

displayed by Edwards Model. This can be as a result of more activities of 

Microbial load striving at lower concentration of substrate & good succession 

habitation or maybe less sensitivity to substrate inhibition constant (see fig 4.10 

and 4.11). 

The increase population of THB & THF through the removal could be responsible 

for establishing the favorable environment for spark growth of HDB & HDF after 

42 days. It could be deducted as more increased in the presence of increase in 

cell growth subdued the initial concentration of TPH and bring the microbial load 

close proximity to the substrate [Agarry et al, 2008]. Probably; the HDB & HDF 

could have conducive environment to overcome the heavy metals, clay properties 

[Katharine, 2001; Blumberg, 1987] and any toxic content in the sample [Arnor, et 

al, 2001; Ortega-Calvo et al, 1997; Ingraham, 1983]. 

Looking at fig 4.7 the average specific growth rate of the four models; Edwards 

demonstrated best fit for HDF & HDB. However, among the microbial load and 

effect on the TPH; only Yano model fit the experimental data with linear graph 

presentation for THF with coefficient correlation of 0.998743 (Fig 4.6). These 
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implied there are strong positive relationships between the two variables. THB, 

HDB & HDF showed also a monotonic relationship from Yano & Edwards Model. 

Thereby; variables increases concurrently but no at the same rate positively or 

negatively. 

Viewing the graphical presentation from fig 4.11; it is deducted from the 

experimental data that the specific growth rate of the microbial load on 

degradation of TPH; is a combination of THB resisting most unfavourable 

condition that limit the striving of microbial growth; such the substrate inhibition, 

heavy metal, high concentration, poor proximity to substrate due to presence of 

muds effect and so on. At initial stage; it hereby allows the THF to participate in 

degradation of TPH at higher concentration or creating a room for close contact 

to TPH by the HDF & HDB. This condition then enhanced the effective removal of 

the TPH from the polluted soil by Drill Cuttings by the microbial load. See Table 

4.20 TPH removal was at climax at 42 days and revealed removal of 

1214.29mg/kg against the initial concentration of TPH of 2339.03 mg/kg before 

degradation. These were the period of high activities of HDF & HDB as observed 

in Edward Model. By 105 days a total of 2337.05mg/kg were completely remove 

from the drill cutting showing effective & efficiency of the biodegradation 

process. 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATION 

5.1 CONCLUSION  

Biotic removal of TPH from Drill cutting by microbial load was successfully studies. 
The study shows the potential of TPH from drill cutting to be remediated by an 
aerobic condition of microbial load. The time duration for effective removal of 
Drill cuttings was 105 days with an optimum day at 42days (removal efficiency of 
approximately 50%). The results indicated that the specific growth rate displayed 
a monotonic & linear relationship with TPH from Yano Model analysis. It was 
observed that Yano model and Edward model fitted growth kinetic data better 
than Haldane and Aiba Model.  

The removal efficiency of 95.10 % was obtained on the 15 week indicating the 
efficiency & effectiveness of the process. 

The specific growth rate decreases with increase in Time for Yano Model all 
through the Microbial Load but for Edwards Model the reserves were observed 
for HDB & HDF. It can be concluded that HDB & HDF can be utilized to remove 
TPH from Drill Cutting. 

Correlation coefficiency of the degradation of TPH to Removal efficiency is -
0.9936. Accounting for effectiveness of the biotic removal of TPH from the 
sample by microbial load. 

The biodegradation kinetics process in a plot of In TPHø against time was linear. 
The biodegradation kinetics process followed first order with a rate constant was 
observed to be 0.0657day-1. The correlation analysis of R2 for the TPH 
biodegradation kinetics process was also observed to be 0.8647, signifying 
linearity & positive correlations for the decrease in concentration as a function of 
time. 

Biodegradation isotherm was found to be minus unity expressing the opposite 
linear relationship between the concentration of the contaminant in the soil TPHø 

and the concentration degraded by the microbes TPHB cumulative at different time 
intervals for the removal period. Full proof that the biodegradation was effective 
and responsible for degradation of the TPH based on the negative value of unity 
for Kd. 
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5.2 RECOMMENDATION 

I strongly recommend further research on the removal of TPH from drill cutting 
using two bioreactors namely Batch Stirred Tank Reactor (BSTR) & Internal Loop 
Airlift Reactor (ILALR) and evaluate their performance. However due to financial 
constraint during this study the microbiological analysis were not determined for 
the Heterotrophic microorganism and the hydrocarbon degradable organism. 
This could be a focal point for further research work. 
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