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Abstract
The utilization of naturally occurring biowaste (oyster shells) from mariculture for the removal of pollutants associated with Produced water, a byproduct of oil and gas production, was investigated in this study. Oyster shell primarily composed of over 96% calcium carbonate, was utilized for the treatment of oilfield produced water samples from an oilfield in Bayelsa State, Nigeria. The study evaluated the removal efficiency of pulverized oyster shells (POS) as low-cost adsorbent for the treatment of oilfield produced water samples for petroleum hydrocarbon and dissolved solids. Produced water samples AZ-ST1, AZ-ST2, and C7T were allowed to pass through a column of pulverized oyster shells within a contact time of 30, 60 and 90 minutes. Produced water samples AZ-ST1, AZ-ST2, and C7T were passed through column of POS, after contact time of 30, 60 & 90 minutes, the filtrates were analyzed for total petroleum hydrocarbon and dissolved solids. Consequently, the POS removal efficiency was computed to be 73.0%, 79.8% & 88.1% for TPH and 77.2%, 79.1% & 79.7% for TDS samples AZ-ST1, AZ-ST2, and C7T respectively. Therefore, POS, as a low-cost biowaste material, shows potential for removal of pollutants from oilfield produced water.
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1.0 	Introduction
[bookmark: _Hlk192019064][bookmark: _Hlk194311520]The oil and gas industry significantly supports the global economy by providing energy. However, it produces about 250 million barrels of water daily as a byproduct, with over 40% discharged into the environment (Haneef, Mustafa, Yasin, Farooq and Isa, 2020). This produced water is a complex mix of water, oil, and contaminants like PAHs, PCBs, and heavy metals (Veil, Puder and Elcock, 2004; Fakhru’l-Razi, Pendashteh, Abdullah, Biak, Madaeni and Abidin, 2009). The management and disposal of produced water are significant environmental concerns due to its potential to pollute surface water, groundwater, and soil (Al-Ghouti, Al-Kaabi, Ashfaq, and Da’na 2019). Produced water pollution can negatively impact the environment, affecting aquatic life, degrading soil, and posing risks to human health (Zheng, Chen, Thanyamanta, Hawboldt, Zhang, and Liu, 2016). 
The Nigerian oil and gas sector is a major economic contributor to the national economy because of the oil and gas production activities in the Niger Delta. However, despite the role of the region to national economy, it has been inundated with several environmental challenges resulting from oil spills and gas flaring (Ite, Ibok and Ite, 2013; Barker and Jones, 2013; Osuji, Ezenwa and Okeke, 2015).
Produced water is a complex mixture of  water, oil, heavy metals, dissolved solids, suspended solids, volatile organic compounds, organic acids, gases and polychlorinated biphenyls (PCBs) (Ali,  Jassim and Faris, 2024; Fakhru'l-Razi et al., 2009). Therefore, it is important to characterize produced water to assess its environmental impact for the development of an efficient and effective management strategy that complies with regulatory standards. Table 1 presents the composition of produced water from an oilfield.
Produced water poses serious environmental impacts if not properly managed causing biodiversity loss, harm to aquatic life, soil degradation, and potential human health risks (Barker and Jones, 2013; Igunnu and Chen, 2014). Indiscriminate discharge and poor management of produced water can pollute surface water, groundwater, soil, and air with long term effects on the environment (Hedar, 2018; Wang, Zou, Li, Zheng, Wang, Zheng, and Li, 2020).

Most oil companies are mandated by Regulation to treat produced water prior to reuse or disposal. Some conventional produced water treatment methods include chemical, biological, or physical techniques. These treatment techniques include filtration, adsorption, flocculation, microbial degradation, membrane separation, and chemical oxidation. (Salem and Thiemann, 2022; Nghiem, Elters, Simon, Tatsuya and Price, 2015). 
One of the most widely recognized produced water treatment techniques is adsorption. It is considered effective for removing biological, organic, and inorganic pollutants (Guerra, Dahm and Dundorf, 2011; Zhao, Minier-Matar, Chou, Wang, Fane, and Adham, 2017). This method has a broad range of applications and achieves high removal efficiency. It enables the separation of targeted compounds, maintains simple design and operation, handles toxic materials, and allows for recovery of adsorbates and regeneration of adsorbents. However, this technique, like others, has some limitations, for example high operating costs, generation of secondary pollutants, and occasionally inadequate removal efficiency (Gupta, Ali, Saleh, Nayak and Agarwal, 2012; Ozogu, Chukwurah, Modebe, and Olabimtan, 2024). 

Regulatory frameworks for produced water management differ by country. In Nigeria, the Nigerian Upstream Petroleum Regulatory Commission (NUPRC) is responsible for regulating the upstream oil and gas sector, including establishing guidelines for produced water management. Table 2 lists the requirements for effluent water discharge limits in Nigeria (EGASPIN, 2002).





   Table 1.0: Produced water composition.



	[bookmark: _Hlk156965480]Parameter
	Concentration (mg/l)
	Parameter
	Concentration (mg/l)

	Major parameters
	
	Metals
	

	COD
	1220–2600
	Na
	0–150,000

	TSS
	1.2–1000
	Sr
	0–6250

	TOC
	0–1500
	Zn
	0.01–35

	TDS
	100–400,000
	Li
	0.038–64

	Total BTEX
	0.73–24.1
	Fe
	0.1–1100

	Other pollutants
	
	Ca2+
	0–74,000

	Saturated hydrocarbons
	17–30
	SO42−
	0–15,000

	Total oil and grease
	2–560
	Mg2+
	0.9–6000

	Phenol
	0.001–10,000
	HCO3−
	0.15,000

	
	
	Cl−
	0–270,000











Table 2.0: Effluent Water Discharge Limits in Nigeria (EGASPIN, 2002).


	Effluent Characteristic
	Inland Area
	Near Shore
	Offshore

	pH
	6.5-8.5
	6.5-8.5
	No limit

	Temp (oC)
	25
	30
	–

	Total Hydrocarbon Content (mg/L)
	10
	20
	40


	TDS (mg/L)
	2000
	5000
	–

	COD (mg/L)
	10
	125
	125

	BOD5 (mg/L)
	10
	125
	125

	Salinity as Cl (mg/L)
	600
	2000
	2000

	Total Iron (mg/L)
	0.05
	No limit
	No limit

	Chromium (vi) (mg/L)
	0.03
	0.5
	0.5

	Turbidity (NTU)
	<15
	<15
	<15




[bookmark: _Hlk192019084]Produced water can be reused in different applications, provided it meets quality standards through appropriate treatment technique. Treatment level varies based on use. Minimal treatment suffices for reuse by oil companies and industries, whereas higher treatment levels are required for domestic and agricultural purposes. (Ozogu, Chukwurah, Modebe, and Olabimtan, 2024; Onojake, Obi and Mahmoud, 2023; Bagheri, Roshandel and Shayegan, 2018). 



2.0 Materials and Method
The following materials and equipment were used to conduct the study: Oil field Produced water, Oyster shells, Electric Grinding Machine, Sieve, weighing scale, Retort stand, separating funnel, Glass column chamber, Beakers, Glass wool, Glass funnel, Cyclohexane, Electric oven, Electric grinder, Hach Potable meter, Fourier Transform Infrared Spectrometer

2.1 Methodology
The setup includes a separating funnel attached to a retort stand and a glass column chamber with a clean glass beaker for collecting the filtrate. 100g of the POS adsorbent was placed in the column chamber and 200mL of the untreated sample was transferred to the separating funnel. The separating funnel was opened, and the produced water was allowed to run through the chamber holding the adsorbent into a clean glass beaker where the filtrate was collected. This procedure was repeated on the produced water samples varying the Contact Time. The filtrate from these different configurations were collected and analyzed (Xu, Liu, Oh and Park, J. 2019; Chikwe and Ogbole, 2019).

2.2 Sample Preparation and Analysis
The oyster shells were sourced locally from 
Borikiri Market in Portharcourt and washed with distilled water. The clean shells were dried in an electric oven at 70-80oC. The dried oyster shells were pulverised using the electric grinder and sieved using a 75micrometer sieve size.
[bookmark: _Hlk194351648]Produced water labelled CX-7T, AX-ST1 and AX-ST2 were obtained from an oil field in Bayelsa State, Nigeria. The samples were taken to the laboratory and prepared using liquid-liquid extraction technique to extract the oil phase which was analyzed for Total petroleum hydrocarbon using Perkin Elmer FTIR spectrometer (Chikwe and Ogbole, 2019). Similarly, the untreated produced water were separated using a separating funnel and the filtrate was analyzed for Total Dissolved Solids (TDS).
2.3 Removal Efficiency & Adsorption Capacity 
Untreated samples were treated by allowing them  pass through a column of POS within a period of time. The removal efficiency of petroleum hydrocarbons and dissolved solids was estimated by using equation (1): 
Removal Efficiency= 𝐶0 – 𝐶𝑒  x 100       (1)
     𝐶0 

Furthermore, to determine the adsorption capacity of the oyster shells, equation (2) below was employed:
𝑞 =𝑉(𝐶0 − 𝐶𝑒)                                (2)
             	 𝑀 
where: q is expressed as mg/g, 
C0 = initial concentration (mg/L)
Ce = equilibrium concentration (mg/L)
M = adsorbent dosage (g)  
V = solution volume (L)

(Al-Muhtaseb et al., 2024; Hadi, Al-Zobai, and Alatabe 2020).

3.0 Results and Discussion
3.1	FT-IR Analysis of Oyster shells
[bookmark: _Hlk194353105][bookmark: _Hlk194336381]Figure 1a shows the FT-IR spectra of the pulverized oyster shells. The Oyster shell FT – IR result wave numbers and ascribed functional groups are presented in table 4. The peak observed at 1799. 051 cm-1 indicates presence of C = O stretching in the oyster shell. The peak occurring at 2724. 926 – 2332. 694 cm-1 showed presence of  (bicarbonate ion). The several spectra bands appearing at 1377. 732 cm-1, 1168.984 – 1151. 894 cm-1, 876.833 – 876. 562 cm-1 and at 722. 306 – 772. 076 cm-1 reveals presence of carbonate ion () asymmetric stretching, carbonate ion () symmetric stretching, out – of – planes vibrational bending and in - planes vibrational bending of carbonate ion () (Zhou, Wang, Sun, Wang and Xu, 2022; Chikwe and Ogbole, 2019). 
[image: ]
Fig 1a: FTIR Spectrum of the POS
[image: ]
Fig 1b. SEM micrographs of oyster shell (Zhou et al, 2022)

3.2 SEM Analysis of Oyster shells
[bookmark: _Hlk194353234]Oyster shell structure is composed of large amount of prismatic layers with micro-pore of sizes between 2 and 10 micrometer. Figure 1b shows a detailed structure of oyster shell observed through Scanning Electron Microscope. This sort of spatial structure is unique for oyster shells creating a good adsorption capacity (Zhou et al, 2022; Lee, Jang, Ryu, Chae, Lee, and Jeon, 2011).

3.3 Laboratory Analyses of TPW and UPW  
To evaluate the quality of untreated produced water (UPW) and treated produced water (TPW) using oyster shells, comprehensive testing was conducted to determine the baseline levels of selected physicochemical parameters. The parameters analyzed include TPH, TDS,  Electrical Conductivity and pH as shown in table 3. These analyses were performed following standard laboratory procedures to ensure accuracy and reliability.  


Table 3: Concentration Levels of Selected Parameters
	UNTREATED PRODUCED WATER SAMPLES

	PARAMETER
	C7T 
	AX-ST 1
	AX-ST 2     

	TPH (mg/L) 
	135.1
	128.2
	114.7

	Conductivity (mS/cm)
	18.6
	15.8
	14.7

	TDS (mg/L)
	12,313
	10,580
	10,150

	pH
	6.32
	6.44
	6.51



The untreated produced water samples namely; C7T, AX-ST 1, and AX-ST 2 were analysed for TPH, TDS, Conductivity & pH parameters. Sample C7T had the highest levels of TPH (135.1 mg/L), Conductivity (18.6 mS/cm), and TDS (12,313 mg/L), indicating significant pollution.                               The pH of the samples vary from 6.32 to 6.51, suggesting slightly acidic conditions. Overall, the results of the untreated samples suggest are above the permissible limits Hence, the need for treatment to mitigate against hydrocarbon and dissolved solids pollution of the environment.
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Fig. 2: TPH of UPW & TPW vs Contact time     


Fig. 3: TDS UPW & TPW vs Contact time     






Table. 4: Removal Efficiency versus Contact time    

	 
	                        Removal Efficiency (%) vs Contact Time

	 

	 
	C7T 
	AZ-ST 1
	AZ-ST 2     

	Contact Time
(Min)
	TPH
	TDS
	TPH
	TDS
	TPH
	TDS

	30
	30.4
	24.3
	48.4
	23.3
	47.8
	29.6

	60
	49.3
	46.5
	62.0
	50.9
	63.9
	52.3

	90
	73.0
	77.2
	79.8
	79.1
	88.1
	79.7





The TPH levels at contact time of 30, 60 & 90 minutes of the filtrates gradually decreased significantly across all 3 set-ups. At 30 minutes, C7T reduced to 94.0 mg/L (30.4%), AZ-ST 1 to 66.1 mg/L (48.4%), and AZ-ST 2 to 59.9 mg/L (47.8%). At 60 minutes, C7T further declines to 68.5 
mg/L (49.3%), AZ-ST 1 to 48.7 mg/L (62%), and AZ-ST 2 to 41.4 mg/L (63.9%). At 90 minutes, C7T further declines to 36.4 mg/L with overall removal efficiency of 73%.                Similarly, AZ-ST 1 declines to 25.9 mg/L (79.8%) and AZ-ST2 to 13.6 mg/L (88.1%).
The highest reduction in TPH was observed at AZ-ST2, which shows the steepest decline from 114.7 mg/L (UPW) to 13.6 mg/L (90 min). AZ-ST 1 followed similar trend, with TPH decreasing from 128.2 mg/L to 25.9 mg/L. This explains the adsorptive potential of POS which also aligns with findings from several researchers who have explored various mechanisms for adsorption techniques.
The study also observed a steady decline in TDS levels within the 30min, 60min and 90min contact times which suggests progressive adsorption by the POS. After 30 minutes, the TDS values for C7T, AX- ST 1, and AX- ST 2 reduced to 9,325 mg/L, 8,118 mg/L, and 7,148 mg/L respectively. After 60 minutes, TDS levels further decreased to 6,589 mg/L, 5,190 mg/L, and 4,840 mg/L. After 90 minutes, the TDS values were observed at 2,803 mg/L, 2,208 mg/L, and 2,059 mg/L. The rate of TDS reduction is significant, particularly in the first 60 minutes. The decreasing trend suggests a treatment or purification process occurring over time.
3.3 Effect of Contact Time
The removal efficiency of the POS was studied as a function of contact time (30, 60 & 90 min) to determine the equilibrium time and maximum adsorption capacity at room temperature. The initial adsorption rate was rapid due to many active sites on POS. However, as the active sites decreased, so did the adsorption rate. 

4.0 Conclusion
The study reveals the high levels of pollutants in produced water which highlights the need for effective management and treatment before re-use or disposal in line with country regulation. The study also demonstrates oyster shell as potential low cost and effective adsorbent for the treatment of produced waters. However, with an average removal efficiency greater than 75%, oyster shells as a treatment option can be more effective when modified or utilized in combination with other conventional techniques.
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