UTILISATION OF OYSTER SHELLS POWDER FOR MODIFICATION OF ACIDIC OILFIELD PRODUCED WATER FOR REUSE AND RE-INJECTION


Abstract
Oysters are bivalve mollusks primarily found around the coastal areas. However, oyster shells are indiscriminately disposed of causing many negative effects on the ecosystem. This study aims to increase its recycling awareness through the utilization of the shells to adjust the pH value of acidic produced water samples C7T, AZ-ST1 & AZ-ST 2 collected from an oilfield in Bayelsa State, Nigeria for reuse and reinjection. Oyster shells were pulverized and characterized using the FTIR technique. The performance of the pulverized oyster shells (POS) was tested for pH modification of produced water for reinjection by using 100g and 200g of the POS placed in a column and allowing 200mL of the untreated produced water samples to pass through each set up and varying contact time (30, 60 & 90 min). The pH level of the UPW samples gradually increased from 6.3-6.5 to reach 8.2-8.5 after 90 min. The study suggests that POS is a potential and sustainable alternative agent for modifying the pH of reinjected produced water to prevent scale formation, corrosion of facilities and reservoir plugging. 
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1.0 Introduction 
Oil production generates a large volume of produced water as a predominant byproduct. Produced water constitutes environmental challenges because of the high levels of pollutants (organic and inorganic). Produced water is composed of oil, polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), dissolved solids and heavy metals. These pollutants are harmful to both plants and animals (Ogbonna, and Origbe, 2021; Fakhru’l-Razi, Pendashteh, Abdullah, Biak, Madaeni and Abidin, 2009.
Several treatment technologies are available for managing the various constituents of produced water to facilitate its discharge, injection, or beneficial reuse. (Nasiri, Jafari and Parniankhoy, (2017). Produced water necessitates treatment to remove hazardous constituents before reuse or discharge due to increasing awareness and regulations on managing produced water recovery (Arthur, Dillion and Drazan 2011). 
Researchers and oil producing companies are continuously seeking efforts to develop cost-effective and eco-friendly technologies such as bio-adsorption process for managing produced water for reuse in industrial applications, agriculture, domestic and reinjection into reservoirs to improve oil recovery (Arthur et al, 2011; Gargouri, Trabelsi, Abdelhedi and Bouaziz, 2014).
For most companies, reinjection is a cost-effective strategy for managing produced water. However, if not well treated, it could lead to formation damage and production issues. Hence, it is important to ensure that treated produced water meets quality specification to prevent scale formation and reservoir plugging (Arthur et al, 2011; Mohamed, Block, Abou-Sayed and Abou-Sayed, 2016). 
The limitations of some conventional produced water treatment techniques are high operating costs and complex technologies (Salem and Thiemann, 2022). However, the quest for sustainable and cost-effective treatment technologies have led to the development of bio-adsorbents for the adsorption process (Yousef, Qiblawey and El-Naas, 2020; De Gisi, Lofrano, Grassi, Notarnicola 2016). 
The application of oyster shells as alternative adsorbent holds significant potential for adsorption technology (Zhou, Wang, Sun, Wang and Xu, 2022). Oyster shell, a waste product from the seafood industry, can be utilized for wastewater treatment. This practice aims to promote sustainable practice and minimize the impact of waste on the environment (Bellei, Torres, Solstad and Flores-Colen, 2023). 
The aim of this study is to investigate the application of oyster shells for modification of acidic produced water to meet the pH specification for reinjection into reservoirs, while also aligning with the global shift towards sustainable and eco-friendly practices for produced water management.
2.0 Produced Water Treatment Methods  
Produced water is a complex mixture that includes water, hydrocarbons, polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), dissolved solids, heavy metals and other pollutants (Fakhru'l-Razi et al., 2009).  Produced water is harmful to the environment and must be managed appropriately according to regulation. Produced water often requires treatment to remove impurities and meet standards for reinjection or disposal. In most cases, the treatment process combines several techniques consisting of a primary treatment unit to remove the particles, then a secondary biological or chemical processing treatment and tertiary unit, usually the final stage to improve the water quality and remove the remainder of the undesired components (Cooper et al 2021; Horner, Castle and   Rodgers, 2011; Al-Ajmi, Al-Marri, Almomani, Al-Nouss, 2024). 
The treatment methods are illustrated in Figure 1.
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Figure 1. Produced water treatment methods (Al-Ajmi et al., 2024; Saleh, et al., 2020).

2.1	Regeneration of Spent Oyster Shells for Reuse in Water Treatment 
Adsorption is a widely recognized, cost-efficient and viable treatment technology characterized by its operational simplicity and economic efficiency in removing
environmental pollutants from wastewater. There is rising demand for increased treatment efficiency and regeneration of adsorbents (Sonker, Shreyash, Tiwary, Shim, and Balathanigaimani, 2022; Kosheleva, Kyzas and Mitropoulos, 2019). Regeneration of adsorbents provide economic and environmental benefits (Fouda-Mbanga, Onotu and Tywabi-Ngeva, 2024). Generally, adsorbent regeneration restores the adsorption capacity of spent adsorbent through desorbing the adsorbates by either thermal treatment, solvent extraction and steam regeneration technique (Fouda-Mbanga et al., 2024; Mo, Pang, Tan, Zhang and Li, 2019). 

Phan et al., (2023) regenerated spent oyster shells through thermal treatments at temperatures between 120oC - 220oC. The regenerated oyster shell was used for enhancing and stabilizing the pH value of acidified water. When the regenerated oyster shell was examined using a Scanning Electron Microscope (SEM), no major change was observed in the composition and calcite-based layer structure. Consequently, the performance of the regenerated oyster shells was tested for the adjustment of the aqueous pH value of a simulated solution which rapidly increased from 6.3 to 7.7 in the first 2hours, reached the highest value of 7.8 after 24hours and slowly decreased and eventually stabilized at pH value of 7.2 after 5-6 days. The study demonstrated the feasibility of regeneration of waste oyster shells into a low-cost and green material for reuse in water treatment.
2.2	Effect of Oyster Shells Residues on Water Quality for Reinjection
Formation damage caused by suspended solid particles and oil droplets is a complex phenomenon, which requires a number of parameters to be evaluated (Rossini et al., 2020). However, it is generally accepted that formation damage results from a complex interaction between the reinjected water quality, petrophysical and mechanical properties of the reservoir rock in addition to the completions integrity and well design (Ochi and Oughanem, 2018).
The application of oyster shells in wastewater treatment has shown promise in research and pilot scale, however, its application on a commercial scale is not yet widespread (Jung et al., 2016). Oyster shell is rich in calcium carbonates according to experimental studies. However, the presence of calcium carbonate residues in high amounts in reinjected water can lead to scale formation. Therefore, to prevent scale formation during reinjection, addition of calcium carbonate inhibitors should be considered to prevent scale formation and fouling (Pei, Wang and Liu, 2014). 
2.3	Produced Water Quality for Reinjection Application
The specification of water for reinjection applications differs from one reservoir to another. However, the typical specifications for reinjection application without causing damage to the reservoir are illustrated below:
Suspended solid <1 mg/L;	Particle size of solid < 1 µm;	Oil content <5 mg/L
pH     6.5 – 7.5
(Utjok, Setyo, Anita and Gede, 2018)
One of the required quality parameters for produced water reinjection is the final pH level. The concentration, toxicity, and solubility of heavy metals in produced water are impacted by its pH.  At pH of less than 4, most metals become more soluble and poisonous as acidity increases and challenging for reuse (Baudendistel et al., 2015). Produced water requires treatment to remove pollutants and prevent fouling by adjusting its pH to meet the required specifications. For produced water reinjection into a reservoir, a general target pH range is between 6.5 and 7.5, though specific regulations and acceptable ranges may vary depending on the reservoir characteristics and local regulations (Graham et al., 2017).
The application of oyster shells to modify the pH of wastewater during treatment have shown promise. A study by Kang et al. (2024) emphasized the sustainable use of waste oyster shells in environmental management, noting that they provide an eco-friendly alternative to synthetic alkaline agents in water treatment. Their study demonstrated that crushed oyster shells effectively adjusted the hydrofluoric-acid rich wastewater pH from pH 2 to pH 6.8, demonstrating oyster shells’ effectiveness in wastewater treatment process.

3.0 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.

3.1 Methodology
[bookmark: _Hlk194351743]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 pulverized oyster shell into a clean glass beaker where the filtrate was collected and analysed. This procedure was repeated with 200g of POS varying the contact time (Chikwe and Ogbole, 2019; Xu, Liu, Oh and Park, J. 2019). 

3.2 Sample Preparation and Analysis
The oyster shells were sourced locally from Borikiri Market in Port Harcourt 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. Three produced water samples; AZ-ST1, AZ-ST2, and C7T were collected in a 500mL glass bottle from an oil producing field in Bayelsa State, Nigeria. The water samples produced were transported in a medium-sized ice box and transported to the Laboratory in Port Harcourt. The samples were filtered through using a separating funnel. The filtrate was analyzed for pH using a Hach pH meter.

4.0 Results and Discussion
4.1	FT-IR Analysis of Oyster shells
Figure 2a shows the oyster shell FT-IR spectrum using Perkin Elmer-100. The peaks observed are presented in table 1:
 Table 1: The FTIR spectrum bands of POS 
	S/N
	Wave numbers (cm-1)
	Observation 

	1
	3186.429
	Ca-CO3 Chelate

	2
	2724. 926 - 2332. 694
	 (carbonate ion) stretching

	3
	1799.051
	C = O stretching

	4
	1462.977
	C-O stretching 

	5
	1377. 732
	 (bicarbonate ion) asymmetric stretching

	6
	1168. 984 - 1151. 894
	 (bicarbonate ion) symmetric stretching

	7
	876. 833 - 876. 562
	Out - of - plane vibrational bending of 

	8
	722. 306 - 772.076
	In - plane vibrational bending of 

	9
	3413. 954
	In – plane NH bending
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Figure 2a shows the oyster shell FT-IR spectrum
The observed peaks of 3186.429 and 1799. 051 cm-1 indicates presence of Ca-CO3 Chelate and C = O stretching in the oyster shell respectively. Similarly, at observed peaks of 2724. 926 – 2332. 694 cm-1 showed presence of  (bicarbonate ion). Several spectra bands appeared 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 revealed carbonate ion () asymmetric stretching, carbonate ion () symmetric stretching, out – of – planes vibrational bending and in - planes vibrational bending of carbonate ion () respectively (Cocean, Postolachi, Garofalide, Bulai, Munteanu and Gurlui, 2022; Chikwe et al., 2019). 
4.2 Analysis of Oyster shells with Energy-Dispersive X-ray (EDX) Spectroscopy Coupled with Scanning Electron Microscope (SEM)
[bookmark: _Hlk194353234]The analysis of the pulverized oyster shell with Energy Dispersive X-ray Spectroscopy coupled with a Scanning Electron Microscope (Vega Tescan LMH II, Brno, Czech Republic) is presented in figure 2b showing the morphological structure exhibited in the image of the oyster shell. Oyster shell structure is composed of large number of prismatic layers with micro-pore sizes between 2 and 10 micrometers.  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).
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Fig 2b: SEM image of oyster shell (Cocean et al., 2022)














4.3 	Sample Analysis (Untreated and Treated Produced Water) 
The untreated produced water samples namely, C7T, AZ-ST 1, and AZ-ST 2 were analysed for conductivity and pH and the results presented in table 2.

Table 2: Concentration Levels of Selected Parameters
	UNTREATED PRODUCED WATER SAMPLES

	PARAMETER
	C7T 
	AZ-ST 1
	AZ-ST 2     

	Conductivity (mS/cm)
	18.6
	15.8
	14.7

	pH
	6.3
	6.4
	6.5



Figure 3a presents the pH levels of treated produced water (TPW) using 100g of POS after contact time of 30, 60 & 90 minutes. The pH increased from being slightly acidic to neutral in 60 minutes and slightly alkaline in 90 minutes. 
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Fig 3a: pH of TPW with 100g of POS 


From figure 3b, the introduction of 200g of pulverized oyster shell significantly increased the pH of the treated samples. After 30 minutes, the pH steadily increased to 7.5 – 7.8, suggesting a strong alkalizing effect due to the significant release of calcium carbonate (CaCO₃). The pH steadily increased reaching 8.0–8.2 at after 60 minutes and 8.1–8.4 after 90 minutes. This steady increase indicates dissolution of the oyster shell, ultimately alkalizing the produced water. These results further highlighted the potential of oyster shells as sustainable pH regulator in water treatment applications.
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Fig 3b: pH level of TPW using 200g of POS 
Research by Lee, Kim, Owens, Park, Kim, and Hong (2018) found that oyster shells are highly effective in neutralizing acidic wastewater due to their high calcium carbonate content. Their study reported that pH levels in acidic wastewater increased from 5.8 to 8.2 within two hours, which aligns with the current study’s findings of a gradual pH increase over time. 

5.0 Conclusion 
Several approaches have been proposed to provide a strategy for produced water management. Among these strategies, reinjection is the most attractive option as it is considered a more cost-effective alternative rather than discharge. Companies and country regulations have also ensured that treated produced water meets specification to prevent reservoir fouling, formation damage and environmental pollution. Considering the result from this current study, the pH modification of the produced water samples AZ-ST1, AZ-ST 2 and C7T from slightly acidic to neutral and slightly alkaline demonstrates the potential of oyster shells as suitable and sustainable pH modifier of produced water for reuse and reinjection. While oyster shell, rich in calcium carbonates, has shown potential in this regard, according to experimental studies, the presence of calcium carbonate in high amounts in the reinjection water can lead to scale formation. Therefore, to prevent scale formation during reinjection, addition of calcium carbonate inhibitors should be considered to prevent scale formation and fouling (Pei, Wang and Liu, 2014). 
It is worth mentioning that the produced water treatment process is an integrated system involving multiple technologies working together to treat wastewater to the required quality that it can be reused or disposed of safely (Al-Ajmi, Al-Marri, Almomani and Al-Nouss, 2024).
Finally, the selection and combination of produced water treatment techniques should be considered from both theoretical and experimental perspectives to develop a robust treatment system. In summary, integrating oyster shells into other treatment methods could improve the pollutant removal efficiency and provide a more efficient and sustainable water treatment process.
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