
[bookmark: _Hlk140206752]Efficacy of Solpawa Bioremediation Solution in the Removal of Total Petroleum Hydrocarbons from Oil-Based Drill Cuttings





.     
.
              . 
                     
	.
..


.

____________________________________________________________________________________________

*Corresponding author: Email: XYZ@ABC.COM


ABSTRACT 

	Aim: two proprietary bioremediation products (Solpawa Soil Conditioner [SSC]-102X and Solpawa Soil Booster [SSB]-101X) were jointly used to biotreat oil-based drill cuttings from drilling operations in the Niger Delta, Nigeria
Study design: The experimental design used was the completely randomized design (CRD)
[bookmark: _Hlk139768105]Methodology: the experimental setup consisted of 1 control reactor (labelled D1) and 5 treatment reactors (labelled D2 to D6), each containing drill cuttings, SSC, water, and SSB in the ratios of 5:0:0:0, 5:1:2:1, 5:1:4:1, 5:1:6:1, 5:1:8:1, 5:1:10:1, respectively. The setup was irrigated and tilled every three days interval for a period of 52 days. The fertilizer (N-P-K) value of the SSC and SSB as well as the total petroleum hydrocarbon (TPH) content of the drill cuttings were determined before the commencement of treatment. Systematic monitoring and evaluation of the treatment process was carried out	Comment by ojiabokene@gmail.com: How long was it carried out? Please specify
Results: At the end of treatment, results revealed that there was a significant drop in the initial TPH concentration of the drill cuttings (18,000mg/kg) by 85.9% on the average. The reactor with the 1:2 SSC dilution ratio (D2) outperformed the other reactors by reducing the TPH to 489.07mg/kg in 52 days, far less than the 1000mg/kg TPH risk-based screening level set by the National Oil Spill Detection and Response Agency (NOSDRA) 
Conclusion: This demonstrates that the 1:2 SSC dilution ratio is most effective in the bioremediation of Nigerian oil-based drill cuttings. 
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1. INTRODUCTION 

Petroleum, often known as crude oil, is a fossil fuel made up of hydrocarbons ranging from simple aliphatic and aromatic hydrocarbons to complex polycyclic and heterocyclic molecules. (Meador & Nahrgang, 2019). It is evident that petroleum hydrocarbons constitute vital elements for human activities as they are the main source of energy and raw materials for manufacturing products (Interiano-Lopez et al., 2019). The exploration and production of petroleum involves the interaction of several drilling activities such as drilling of the oil wells (Gbadebo et al., 2010). During drilling operations, the drilling mud is critical for safe and efficient drilling operations (CAPP, 2001). These drilling muds provide a variety of significant functions including lubrication of the drill bits and carrying of the cuttings to the surface (Okparanma et al., 2009; Boutammine et al., 2020). 
Drill cuttings are the formation fragments taken out of the wellbore during drilling. Huge volumes of these drill cuttings are usually generated during drilling operation (Interiano-Lopez et al., 2019). These drill cuttings are classified as water-based, synthetic-based, or oil-based depending on the type of drilling mud (fluid) used during drilling. Consequently, there are water-based drilling cuttings, oil-based drilling cuttings, and synthetic-based drill cuttings. Hydrocarbons and heavy metals are present in the drill cuttings because of spotting fluids and lubricants additives added to the drilling mud or from the geologic formation drilled. Also, due to the limitations in separation treatment technologies, many of the base fluids, mud elements, and possibly crude oil are ineffectively separated from the cuttings and end up as residuals in the solid waste stream (Hamed & Belhadri, 2009). 	Comment by ojiabokene@gmail.com: repetition
As a result, drilling waste discharges are made up of drill cuttings to which drilling fluids, mud additives, and oils have been stuck (Sadiq et al., 2003). The chemical formulation of the drilling mud used largely influences the chemistry of the resulting drill cuttings, also the chemical composition of drill cuttings at disposal indicates the drilled geological formations as well as the concentration of the chemical components of the drilling fluid that remain attached to the cuttings (Kogbara et al.,2016). 
The use of oil-based mud (OBM) improves penetration rate, decreases nonproductive time, and minimizes total operational cost. Nevertheless, using oil-based drilling fluid has been linked to adverse environmental effects from toxic levels of petroleum hydrocarbons, heavy metals, and salt (Njuguna et al., 2022).  The main disadvantage related to the use of oil-based drilling mud is the increasing health, safety, and environment concerns due to the toxicity of the drilling waste generated by its use, which is a function of the base fluid used for its formulation (Callagher, 1991).  The base fluid commonly used in the formulation of OBM is either diesel or mineral oil, but mineral oil is generally used (Fink, 2012). Mineral oil refers to a class of petroleum hydrocarbons derived from petroleum distillate streams such as light naphthenic or paraffinic distillates containing C15–C30 hydrocarbons, heavy naphthenic distillates containing C20–C50 hydrocarbons, white mineral oil containing C15–C50 hydrocarbons, petrolatum, and most residual oils containing >C50 hydrocarbons (Nwinee, 2018). Consequently, OBMs and oil-based drill cuttings are enlisted as hazardous waste (Commission, 2004), necessitating the enforcement of stringent regulations by international regulatory agencies to ensure that oil and gas companies adhere to the allowable discharge limits (Onwukwe & Nwakaudu, 2012).  
One of such regulatory agencies is the Department of Petroleum Resources (DPR) Nigeria, now changed to Nigerian Upstream Petroleum Regulatory Commission (NUPRC). Despite the ban on the use of OBM by the Nigerian regulatory agency, OBM is still being used in drilling because of its peculiar properties, especially its higher performance at greater depths when compared to either WBMs or SBMs (Okparanma et al., 2010).  Considering that these oil-based drill cuttings are hazardous to the environment because they contain carcinogenic hydrocarbon compounds (Ologidi et al., 2023), it is important that the drill cuttings are properly treated before their final disposal. 

Currently, there are several methods for the treatment of drill cuttings including non-biological and biological methods (Ball et al., 2012). Examples of non-biological methods include re-injecting the cuttings into approved waste disposal wells, solidification and stabilization (S&S), and thermal treatment technologies. However, non-biological methods such as cuttings re-injection and thermal desorption are costly, environmentally unfriendly, and complex. On the other hand, biological methods like bioaugmentation, phytoremediation, composting, and biostimulation are interesting alternative options for the treatment of oil-based drill cuttings because they are environmentally friendly, relatively cheap, and simple to maintain (Sharma, 2020).

Biostimulation, which is the addition of nutrients like fertilizers, animal droppings, and maize straw has been shown to play significant roles in the biodegradation of hydrocarbon contaminants. Both organic and inorganic nutrients have been used in the removal of petroleum hydrocarbon contaminants (Abioye et al., 2012; Dadrasnia & Agamuthu, 2013).  Several studies have also shown that biostimulation is a cost-effective clean-up method for the treatment of contaminated soils and sediments (Singh & Chandra, 2014; Koshlaf & Ball, 2017). It has been reported that the addition of nutrients enhances the degradation ability of hydrocarbon utilizing microorganisms (Hesnawi & Adbeib, 2013, Mbagwu et al., 2021). However, studies have also reported the failure of nutrients alone to enhance the biodegradation of some hydrocarbons due to environmental condition such as moisture content etc. (Bento et al., 2003, Rahman et al., 2003). There is, therefore, a need for bioremediation studies to consider the possibility of combining biostimulation and other treatment techniques for improved efficiency. Currently, no studies have reported the combined application of biostimulation and bioemulsification in the bioremediation of oil-based drill cuttings. 

In this laboratory study, the treatment processes involved were bioemulsification and biostimulation, according to the manufacturer. It involved a first-stage addition of the SSC (a bioemulsifier) to emulsify and sorb the hydrocarbons from the soil matrix, and a last-stage addition of the SSB (a biostimulant) to stimulate the hydrocarbon utilizing microbes to breakdown the hydrocarbon contaminants (Okparanma, 2023). The SSC can sorb the hydrophobic hydrocarbons from the soil matrix because it is a surfactant and is amphiphilic in nature while the SSB is essentially nutrient-rich plant residues. The SSB is granular, and the SSC is liquid (Plate 1). For effective bioremediation, it is recommended that the SSC is added first and allowed to infiltrate the contaminated matrix before the addition of the SSB within recommended environmental contraints.	Comment by ojiabokene@gmail.com: please rephrase	Comment by ojiabokene@gmail.com: recommendend by who?
[image: ]
[bookmark: _Hlk140402871]Plate 1: Solpawa Soil Booster 101X (granular) and Solpawa Soil Conditioner 102X (liquid) [Source: Okparanma, 2023].

The SSC and SSB are locally formulated products, relatively cheaper, and readily available when compared to the foreign products that have been dominant in the Nigerian market prior to this time. The SSC and SSB are yet to be used for the bioremediation of oil-based drill cuttings since they were invented. The objective of this study was to assess the effectiveness of the SSC and SSB in the removal of TPH from oil-based drill cuttings.	Comment by ojiabokene@gmail.com: Please expand on this

Provide a factual background, clearly defined problem, proposed solution, a brief literature survey and the scope and justification of the work done.]

2. material and methods 

2.2 Methods
Materials
2.2.1 The Study Area
The study was conducted at the Environmental Engineering Laboratory of the Department of Agricultural and Environmental Engineering, Rivers State University, Port Harcourt, Nigeria. Port Harcourt is in the Niger Delta region (4.8000482°N; 6.97702°E), Southern Nigeria (Fig.1). The region is host to over 85% of Nigeria’s oil and gas production infrastructure (Gobo & Abam, 2006). The region has an average annual minimum and maximum temperatures of 25.1 and 30.3°C, respectively (Igoni et al., 2007). 
[image: ]
[bookmark: _Hlk140408393]Figure 1: Map of the study area in Rivers State, Nigeria.
2.2.2	Experimental Design
[bookmark: _GoBack]The experimental design used was the completely randomized design (CRD), which is designed for laboratory experiments. A total of 18 plastic containers (referred to as reactors) consisting of 5 treatment reactors (labelled D2 to D6) and 1 control reactor (labelled D1) with three replications each were used. Each vessel was charged with fixed masses of the SSB and OBDC and varying masses of SSC. Varying masses of the SSC (i.e., the working solution) was achieved by dilution with water in the ratios of 1:2, 1:4, 1:6, 1:8, 1:10 (SSC: water). The composition of the reactor matrix are as follows:
D1: 1000g OBDC + 0g of SSB + 0g SSC working solution (control).
[bookmark: _Hlk140908389][bookmark: _Hlk83496879]D2: 1000g OBDC + 1000g of SSB + 1000g 1:2 SSC working solution.
D3: 1000g OBDC + 1000g of SSB + 1000g 1:4 SSC working solution. 
D4: 1000g OBDC + 1000g of SSB + 1000g 1:6 SSC working solution. 
D5: 1000g OBDC + 1000g of SSB + 1000g 1:8 SSC working solution. 
D6: 1000g OBDC + 1000g of SSB + 1000g 1:10 SSC working solution. 
The volume of the reactor was 0.05m3 and the depth was 0.3m. The reactors were shielded from direct rainfall for moisture control. The samples in the reactors were allowed to stand for 12 days for proper infiltration of the SSC before the addition of the SSB. Each of the reactors was irrigated with 0.5L of water and properly tilled at 3 days interval until the end of the remediation period. The tilling was done to aid aeration and is in line with the findings of Okparanma et al. (2010), who showed its effectiveness. In addition to the baseline assessment, aliquots were taken on the 12th, 22nd, 32nd, 42nd, and 52nd day after treatment for microcosm studies.

2.2.3 SSC and SSB Analysis
The nutrient content of the Solpawa Soil Conditioner and Solpawa Soil Booster were analysed using standard methods. The Nitrogen content of SSC and SSC was determined using the Kjeldahl method, Phosphorus and Potassium were determined using  ASTM D 5198-92 and UNICAM-969 Atomic Spectrophotometer method respectively.	Comment by ojiabokene@gmail.com: the font is different 
Specify the standard methods

2.2.4	TPH Analysis	
Samples were analyzed for TPH. The samples were analysed in line with the USEPA 8015 method using Agilent 7890 Gas Chromatograph (GC) equipped with a Flame Ionization Detector (FID). Percentage TPH removal was calculated using equation 1.
[bookmark: _Hlk141690719] 		 (1)
Where, IC = initial concentration of TPH (mg/kg), and FC = final concentration of TPH (mg/kg).

2.2.5 Total Heterotrophic Bacteria (THB) Count
The bacteria population were determined using the colony forming unit per gram (cfu/g) methods. A 10-fold serial dilution was performed with normal saline as the diluent (Harringan and McCance, 1990).
2.2.6	Statistical Analysis
Using Excel® (Microsoft Inc., USA), the one-way analysis of variance (ANOVA) was used to determine if there were statistically significant differences in the treatment means based on the F-test. Differences were considered significant if the calculated F-value was greater than or equal to the tabular F-value at the 5% significance level; and non-significant, if otherwise (Gomez & Gomez, 1983).

3. results and discussion

[bookmark: _Hlk113277825]3.1 The Fertilizer (N-P-K) Value of Solpawa Bioremediation Solution 
The determined N-P-K properties were utilized as indices to assess the fertilizing value (i.e., remediation potential) of the Solpawa bioremediation products (Solpawa conditioner and booster). The N-P-K values of the Solpawa conditioner and booster are shown in Table 1. As observed in Table 1, the Solpawa booster (granular form) exhibited a higher fertilizing value than the conditioner (liquid form). Nonetheless, the fertilizer values of the Solpawa conditioner and booster far exceeded the fertilizer value of 3:2.5:0.5 (N:P:K) recommended in the literature for materials with remediation potential.

Table 1: N-P-K Value of Solpawa Bioremediation Solution
	Properties
	Solpawa 
Conditioner
	Solpawa 
Booster

	N (mg/kg)
	103.560
	261.450

	P (mg/kg)
	1.241
	7.592

	K (mg/kg)
	180.903
	569.191



3.2 Initial TPH Concentration of the Drill Cuttings
The initial TPH concentration in the drill cuttings is shown in Figure 2. It is evident in Figure 2 that the TPH concentration level in the drill cutting samples, which ranged from 18,165.33 to 18,326.0mg/kg, exceeded the intervention value of 5000mg/kg set by DPR (2018). The high TPH concentration implies that the drill cuttings are not safe for land disposal without prior treatment as it portends serious environmental health risks. 	Comment by ojiabokene@gmail.com: rephrase


3.3 Changes in the TPH Concentration in the Reactors During the Remediation Period 

The changes in the TPH concentration of the samples in each of the reactors during the remediation period of 52 days are also shown in Figure 2 and Figure 3. As can be seen, at the end of the 52 days remediation period, there were varying levels of TPH reduction in the reactors (Figure 2). By day 12 after commencement of treatment with SSC, the residual TPH concentration dropped by 40% on the average across the reactors except for the control (Figure 3).

Further reduction in the TPH concentration was recorded in each of the reactors except the control after the addition of SSB. By day 52, the concentration of TPH reduced further to 489.07, 1,392.83, 2,301.10, 3,898.29, and 4,760.83mg/kg (corresponding to 97.32, 92.33, 87.44, 78.63, and 73.94%) in reactors D2, D3, D4, D5, and D6, respectively (Figure 2, 


[bookmark: _Hlk141673354]and Figure 3). Noticeably, the TPH concentration of 489.07mg/kg recorded in reactor D2 containing drill cuttings treated with SSC working solution of dilution ratio 1:2 (SSC: water) was less than the risk-based screening level (RBSL) of 1000mg/kg for TPH in Nigeria soils/sediments prescribed by the National Oil Spill Detection and Response Agency (NOSDRA), This suggests that the SSC dilution ratio of 1:2 would be required for optimum removal of TPH from Nigerian oil-based drill cuttings.
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Figure 2: Residual TPH concentrations in reactors D1 to D6 days after remediation of the drill cutting with Solpawa Soil Conditioner and Booster. [DASC = Days after the addition of Solpawa Conditioner; DASB = Days after the addition of Solpawa Booster; Error bars on chart are percentages]


3.4 Changes in the Microbial Population in the Reactors During the Remediation Period 
The TPH reductions observed in the reactors with amendments corresponded to the extent of increase in heterotrophic microbial count, as the population of microbe has an impact on their ability to degrade the hydrocarbons Table 2). 
At twelve (12) days after applying varied mixed ratios of the locally manufactured nutrient SSB, the microbial counts ranged from 1.67 X 105 to 2.91 X 105 cfu/mg. After 22 days of treatment, the microbial count (THB) of D2 increased from 2.91 X 105 to 7.30 X 105 cfu/mg. At 32 days of treatment, it further dropped to 4.06 X 105 cfu/mg and then lowered to 1.87 X 105 cfu/mg at the end of the 52-day remediation period. The same trend was observed in reactors D3, D4 and D5.  The microbial growth was observed to increase and gradually reduced after reaching the peak which can be attributed to biodegradation of the hydrocarbons when the microbes were active. The decrease in the degradation level of the TPH may be ascribed to the bacteria transitioning into the stationary phase following the massive degradation within the first 22 days. Based on the cultural and colonial characteristics, two different bacteria species were identified on the inoculated plates, namely bacillus and Pseudomonas.

The results showed that the amended drill cuttings had greater TPH degradation than the unamended control D1, implying that the SSC and SSB improved the TPH degradation in the drill cuttings sample. This is in line with the findings of Agarry & Ogunleye, (2012) that reported the enhanced biodegradation of TPH in polluted soils using nutrients. The growth rate of microbes is determined by its nature and the limiting nutrients in the medium, such as N and P. which aids in the contaminant adsorption and removal, thus, the remediation of the impacted medium (Patel et al., 2022). The addition of SSC and SSB stimulates the degradative capabilities of the indigenous microorganisms thus allowing the breakdown of organic pollutants at a faster rate. This has been reported in previous studies (Okparanma, 2023). This study's findings corroborate the findings of Chorom et al. (2010) who obtained similar findings when they evaluated the effectiveness of inorganic fertilizer (NPK) in promoting microbial decomposition of petroleum hydrocarbons in soil. One-way ANOVA showed a significant difference (Calculated F-value > Tabular F-value) in the treatment at 5% significance level (Table 3). Thus, with 95% certainty, the observed difference in treatment means was caused by the variation in treatment used.



[bookmark: _Hlk108514820][bookmark: _Hlk114460688]

Figure 3: Percentage of TPH reduction in reactors D1 to D6 days after remediation of the drill cutting with Solpawa Soil Conditioner and Booster. [DASC = Days after the addition of Solpawa Conditioner; DASB = Days after the addition of Solpawa Booster; Error bars on chart are percentages]

Table 2: Total Heterotrophic Bacteria (THB) Counts in reactors D1 to D6
	Period (days)
	Total Heterotrophic Bacteria, THB (105cfu/mg)

	
	D1
	D2
	D3
	D4
	D5
	D6
	

	0 Day
	0
	0
	0
	0
	0
	0

	12 DASC
	0.00
	2.91
	2.60
	2.52
	1.98
	1.75

	22 DASB
	0.00
	7.3
	5.8
	5.2
	4.39
	3.88

	32 DASB
	0.00
	4.06
	3.61
	3.47
	3.12
	2.87

	42 DASB
52 DASB
	0.00
0.00
	1.94
1.87
	1.72
1.56
	1.65
1.47
	1.49
1.39
	1.31
1.23



Table 3: Analysis of Variance for TPH Degradation 
	Source of Variation
	SS
	Df
	MS
	F
	P-value
	F crit

	Between Groups
	4.11E+08
	5
	82146672
	7.899537
	0.000162
	2.620654

	Within Groups
	2.5E+08
	24
	10398922
	
	
	

	Total
	6.6E+08
	29
	 
	 
	 
	 




4. Conclusion

Decontamination of oil-based drill cuttings has been investigated using a combination of bioemulsification and biostimulation. The efficacy of Solpawa Soil Conditioner at different mix ratio with Solpawa Soil Booster over a period of 52 days was investigated to ascertain their efficacy in the biotreatment of the oil-based drill cuttings for the removal of TPH. The results showed that the D2 treatment with a 1:2 SSC: water mix ratio was the best for remediating oil-based drill cuttings, with a TPH decrease of 97.30%. Tthe SSC and SSB TPH reduction sequence was D2 > D3 > D4 > D5 > D6. Thus, the Solpawa Soil Conditioner and Booster have the potential in decontaminating oil-based drill cuttings. However, it is recommended that research should be conducted using a combination of Solpawa Conditioner and Booster with phytoremediation in the treatment of oil-based drill cuttings.  
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