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OPTIMUM CONTACT TIME AND PH FOR BIOSORPTION OF METALS IONS USING TREATED WATERMELON RIND (WMR) AS BIOSORBENT



Abstract
This research investigated watermelon rind (WMR) powder and biochar as sustainable biosorbents for the removal of selected heavy metals, namely Cu, Pb, Cd, Ni, and Zn, from produced water. Watermelon rind samples were collected and pretreated, then transformed into biochar by charring, followed by modification of the char to obtain a highly effective biosorbent. Produced-water samples were analysed using an atomic absorption spectrophotometer (AAS) before and after passage through the column, and the influences of pH and contact time were investigated. The results indicated that all analysed heavy metals showed removal at the tested optimum pH and contact times. The optimum pH and contact time for the most effective removal of Zn2+, Pb2+, and Cu2+ ions from the produced water were 6.2 and 30 minutes, respectively, when modified WMR biochar was used as the biosorbent, with >99.0%, >99.0%, and 52.72% removal efficiencies, respectively. Modified WMR biochar at pH 6.2 and a contact time of 60 minutes gave optimum removal of Cd2+ ions (>99.0%). Similarly, modified WMR biochar at pH 6.2 and a contact time of 180 minutes gave optimum removal of Ni2+ ions (73.04%). This research demonstrates the advantage of using modified WMR biochar as a biosorbent over unmodified WMR powder, owing to the presence of active sorption groups, a higher surface area, greater porosity, and carbonisation. The result suggests that watermelon rind biochar is a low-cost, efficient, eco-friendly, and reusable sorbent capable of removing dissolved metals from produced water before its safe release into the environment and could also provide a means of converting this agricultural waste into a useful resource. Increasing the contact time further could lead to higher Ni2+ removal from produced water.
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1. Introduction
Water contamination by heavy metals represents a growing environmental issue worldwide, with Rivers State, Nigeria, also contributing substantially to the occurrence of toxic metals in surface water owing to lithogenic and anthropogenic activities such as the discharge of untreated industrial effluent, earthquakes, flooding, oil exploitation, and waste disposal in water bodies. Elements of major concern include toxic heavy metals such as lead (Pb), zinc (Zn), copper (Cu), cadmium (Cd), and nickel (Ni) because of their toxicity, bioaccumulation and bioamplification potential within food chains, and accumulation in aquatic ecosystems (Iwuoha & Umofia, 2018; Onyango et al., 2025). These toxicants, even in small quantities, can cause toxic effects in humans and other living organisms in water, air, and soil environments, including neurological problems, organ loss, and cancer in humans (Iwuoha & Onojake, 2016; World Health Organization, 2017).
Recent Nigerian wastewater assessments likewise identify heavy-metal contamination as an ongoing treatment concern (Okpalaunegbu et al., 2025).
Globally, large volumes of wastewater are produced during oil and gas exploration and production activities. These wastewaters, often termed produced water, are unavoidable by-products co-produced with oil and gas from underground reservoirs. Produced water comprises formation water, injected water, dissolved/dispersed hydrocarbons (in both free-phase and emulsion forms), inorganic salts, suspended solids, production chemicals, naturally occurring radioactive materials (NORMs), microbes, and trace amounts of heavy metals (Fakhru’l-Razi et al., 2009; Igunnu & Chen, 2014).
Produced-water generation becomes significantly greater relative to oil production in ageing oil reservoirs; therefore, produced-water management is one of the most important environmental challenges faced by the petroleum sector. Millions of barrels of produced water are generated annually, and water-to-oil ratios generally increase as fields mature (Veil et al., 2004). The discharge of untreated or insufficiently treated produced water into the environment poses a risk to aquatic life owing to the heterogeneity of its chemical composition. Produced water often contains concentrated loads of heavy metals such as Pb2+, Cd2+, Ni2+, Cu2+, and Zn2+, together with several dissolved organics (hydrocarbons and production chemicals) and salinity, which could negatively affect environmental and ecological values in aquatic environments if discharged untreated (Jiménez et al., 2018; Neff et al., 2011). Heavy metals, in particular, are among the most threatening contaminants commonly found in produced water because of their stability, toxicity, and inability to break down into non-harmful constituents through biological processes.
Current methods for heavy-metal removal, such as chemical precipitation, adsorption, membrane filtration, and electrochemical processes, usually require significant capital and labour and are therefore not very feasible in resource-constrained areas such as Nigeria (Ali et al., 2012). This is why research towards the development of low-cost and environmentally friendly adsorbents and biosorbents from agricultural wastes and other environmentally suitable alternatives for the efficient removal of heavy-metal ions from aqueous solutions is gaining momentum (Chikwe & Iwuoha, 2024; Iwuoha & Nkanga, 2024; Nkanga et al., 2024; Onojake et al., 2015; Onojake, Ogbole, & Iwuoha, 2021; Onojake, Ogbole, Osakwe, et al., 2021; Osu et al., 2021; Shukla et al., 2024). Overall, none of these studies used raw or modified watermelon rind powder as a biosorbent for removing heavy metals from produced water under optimum conditions.
Recent literature further emphasises agricultural-waste-derived and hybrid biosorbents for heavy-metal remediation, while indicating that material modification, regeneration, and operating conditions such as pH and contact time can influence adsorption performance (Ezeh, 2026; Jeyakumar & Vashishth, 2026; Parida et al., 2026).
Watermelon rind (Citrullus lanatus), which is a readily available food waste in Nigeria, particularly in Rivers State, has high potential for use as a natural adsorbent because it is locally available, readily biodegradable, and contains surface functional groups capable of binding contaminants to its surface. In solution, watermelon rind acts as a natural adsorbent through adsorption, ion exchange, and complexation mechanisms (Abdelrazeg et al., 2025; Archibong & Don, 2025; Bhattacharjee et al., 2020; Onyango et al., 2025; Shakor et al., 2021; Shehu & Ibrahim, 2023). Watermelon rind is primarily composed of polysaccharides, cellulose, hemicellulose, and pectic substances and is also rich in functional groups (-OH, -COOH, -C=O, etc.) that react and bind with metal ions (Moronkola et al., 2025; Syeda et al., 2022; Wang et al., 2022).
Related work from the Niger Delta has also reported the biosorption of Cr(VI) using minimally processed orange peel and Nypa fruticans biomass, supporting the relevance of locally available plant materials for aqueous metal remediation (Opuogulaya et al., 2026).
In Rivers State, significant quantities of produced water containing high concentrations of heavy metals (exceeding recommended levels) are generated during crude-oil production. Untreated produced water represents a significant ecotoxicological risk to downstream and surrounding aquatic environments, as well as to public health. The use of physicochemical treatment techniques such as membrane filtration and chemical precipitation is, in many cases, impeded by factors such as insufficient capital for establishment, high operational and power costs, and the formation of secondary sludge that requires proper disposal, especially where waste-management challenges exist in resource-limited contexts. Conversely, large quantities of watermelon rind are discarded owing to high seasonal watermelon production, thereby posing a solid-waste disposal problem because of their low market and disposal value.



This research aims to investigate the suitability of untreated and treated watermelon rind powder as a biosorbent for the removal of selected heavy-metal ions (Cd2+, Pb2+, Zn2+, Cu2+ & Ni2+) from produced water. Specifically, the study examines produced-water samples for the percentage removal of selected heavy metals; investigates different pH values and contact times (operating conditions) at a known dosage concentration that favours the removal of the metal ions; evaluates and compares the removal efficiency of pretreated watermelon rind with that of non-pretreated watermelon rind; correlates the results with regulatory standards for the maximum permissible levels of heavy metals in produced water; and makes recommendations.
2. Materials and Methods
[bookmark: _TOC_250015][bookmark: _Toc230861344][bookmark: _Toc235192278]2.1 Reagents and Materials
[bookmark: _TOC_250014]Recently picked watermelon fruits (Citrullus lanatus) (in season: Aug-Sep); distilled water; nitric acid (HNO3); sodium hydroxide (NaOH); hydrochloric acid (HCl); Whatman filter paper; burner; tripod; beaker; oven (105°C); grinder and sieve (250 mesh sieving, 250 µm); analytical balance; pH meter; mechanical shaker; filtration system (14A atomic absorption spectrophotometer; AAS); sample collectors; pilot-scale adsorption column [PVC; 1.5m length, 10 cm diameter]; flow-rate controller and peristaltic pump; polyethylene sample bottles (rinsed with 0.05mol·L ¹ HNO3).
2.2 Sample Collection and Map of Study Area
Produced-water samples were collected from five (5) different oil-drilling installations around Bodo, Gokona L.G.A., mainly in Rivers State and other areas of the Niger Delta, Nigeria. The samples were collected and stored in clean glass containers, which were subsequently placed in a cooler to regulate the temperature during transport for analysis at the O.K. Research Laboratory, Cam Estate, beside Alikor Estate, opposite the Choba Campus main gate, University of Port Harcourt. Fresh watermelons were collected from Choba Main Market in Port Harcourt, Rivers State, Nigeria, and washed with distilled water to remove residual sediments before being peeled to obtain the watermelon rind (WMR).


[image: C:\Users\USER\Downloads\Coord normal.png]Figure 1: Map of study area

2.3 Pre-Analysis Preparation and Sample Analysis Procedure
The produced water was separated using a separating funnel to remove all crude oil from the sample before analysis. The WMR was air-dried and ground into powder using a crusher. The WMR powder was then sieved to a mesh size of 1.18 mm. The dried and sieved WMR powder was subsequently stored in a plastic container for further use. A separating funnel was mounted on a retort stand, and 200 millilitres of the produced water was poured into the separating funnel. Then, 20 millilitres of hexane (an organic solvent) was poured into the separating funnel, which was stoppered and shaken vigorously while the lower end was opened intermittently to allow air bubbles to escape. The produced-water mixture was shaken, and the separating funnel was returned to the retort stand and allowed to settle for two (2) minutes, after which the water was removed from the separating funnel, leaving the hexane behind. A column was prepared using layers of glass wool, anhydrous sodium sulphate, and silica gel, and the separated mixture was then passed through the column into a clean glass beaker.
[bookmark: _Toc235192288]
2.4 Pyrolysis and Chemical Activation 
The ground and dried WMR powder was carbonised or pyrolysed at 500o C in an oxygen-free or anaerobic oven environment for about 2 hours to develop high porosity and surface area. The resulting biochar was collected after cooling in an inert atmosphere. For activation of the biochar for higher loading, the biochar was steeped in 0.1 M NaOH solutions for 24hr and then filtered and washed to neutral pH. It was oven-dried at 800C. The activated WMR powdered-biochar biosorbent was kept in the desiccators until use.
2.5 Analysis for Biosorption Using Watermelon Rind (WMR) Powder on Pilot-Scale Adsorption Column Design
The adsorption process (fixed-bed continuous flow) used a PVC column constructed with the following specifications: column height, 1.5 metres; inner diameter, 10 cm; bed thickness, 40cm; and flow rate adjusted within the range of 2-5 L/h. The column contents used for adsorption comprised a cotton mesh layer and WMR powder adsorbents. The WMR powder was added to the lower part of the filter, with fine meshes positioned to retain the WMR powder. WMR powder was placed in a bed of 40cm thickness. The bed consisted of a coarse-gravel support bed, followed by a fine mesh separating the watermelon rind material and the WMR powder. A retaining mesh layer was placed on top of the watermelon rind.
An experimental setup was established in which the separating funnel was mounted on a retort stand and a glass column chamber was also mounted below it, while a clean glass beaker was placed beneath the column chamber. The column chamber was filled with WMR powder (biochar), after which the separating funnel was opened and the produced water was allowed to pass through the chamber filled with WMR powder into the clean glass beaker below, where the filtrate was collected. This procedure was carried out for the entire produced-water sample and repeated while varying the pH of the WMR powder chamber. The concentrations of each metal in the produced water were determined using AAS before and after passage through the column, and the differences in the concentrations of the respective metals in the produced-water samples were recorded.
2.6 Analysis of Heavy Metals in Produced Water
About 100 cm3 of well-mixed water samples were poured into a 150 cm3 beaker. Then, 5cm3 of conc. HNO3 was added. The solution was subsequently evaporated to near dryness on a hot plate, ensuring that the sample did not boil by using low to medium heat. The beaker and its contents were allowed to cool to room temperature before another 5 cm3 of conc. HNO3 was added. The beaker was then immediately covered with a watch glass. The beaker was returned to the hot plate, and gentle reflux of the solution was achieved by increasing the temperature of the hot plate (medium to high heat). Heating was continued, with the addition of conc. HNO3 as necessary, until a light-coloured residue was obtained (i.e. digestion was completed). Then, 1-2 cm3 of conc. HNO3 was added to the residue, followed by washing with distilled water. The solution was subsequently filtered into a 100 cm3 volumetric flask to remove silicate and other insoluble materials, made up to the mark with distilled water in the volumetric flask, and stored in a 125 cm3 polypropylene bottle. The heavy metals analysed were lead (Pb), cadmium (Cd), copper (Cu), zinc (Zn), and nickel (Ni). Analysis of the heavy metals was performed using an atomic absorption spectrophotometer (AAS) according to the following steps:
1. Calibration solutions were prepared. 2. Blank samples were analysed.
3. The digested sample was introduced into the atomic absorption spectrophotometer. 4. The absorbance value was determined. 5. The metal concentration was calculated using the calibration curves.

Adsorption Performance Evaluation
Removal Efficiency (%)
Removal Efficiency = Co−Ce x 100%
Co
Where:		Co=Initialconcentration(mg/L).	Cₑ = Final concentration (mg/L)
Adsorption Capacity (qₑ);	qe=(Co−Ce)Vx100
M
Where:V=Volume of solution (mL)	, M = Mass of adsorbent (g)





3. Results and Discussion
Table 1. Effect of pH on the Biosorption of Cd2+ (mg/L) on the WMR after 30minutes of filtration down the column.
	BIOSORBENT
	Initial Cd conc.
In mg/L
	Cd Conc. at 
pH of 2.6
	Cd Conc. at 
pH of 6.2
	Cd Conc. at 
pH of 10.5

	WMR
(Unmodified)
	1.550
	0.751
* (51.55%)
	0.035
* (97.74%)
	0.931
* (39.94%)

	WMR BIOCHAR
(Modified)
	1.550
	0.823	
* (46.90%)
	0.018
* (98.84%)
	0.881
* (43.16%)



*(%) Bioadsorption/Removal of Cd2+ ions by the Biosorbent
In Table 1 above, at a contact time of 30 minutes, the following observations were made. At pH 2.6 (an acidic medium), Cd2+ ions were removed from the produced-water sample by 51.55 percent, decreasing from an initial concentration of 1.55mg/L to 0.751 mg/L when unmodified watermelon rind powder was used as the biosorbent. At the same pH of 2.6 (an acidic medium), Cd2+ ions in the produced water were reduced by 46.90 percent, decreasing from an initial concentration of 1.55 mg/L to 0.823 mg/L when modified WMR (biochar) was used as the biosorbent. At pH 6.2, Cd2+ ions were further reduced by 97.74 percent and 98.84 percent when unmodified WMR powder and modified WMR biochar were used as biosorbents, respectively. This reduced the Cd2+ ion concentration from the stated initial concentration of 1.84 mg/l to 0.035 mg/l and 0.018 mg/l using the unmodified WMR powder and modified WMR biochar biosorbents, respectively.
At pH 10.5 (alkaline medium), Cd2+ ions were reduced by only 39.94 percent and 43.16 percent from the produced water when unmodified WMR powder and modified WMR biochar were used as biosorbents, respectively. This reduced their concentration from an initial concentration of 1.55 mg/l to 0.931 mg/l and 0.881mg/l using the unmodified WMR powder and modified WMR biochar biosorbents, respectively.


	
Table 2. Effect of pH on the Biosorption of Ni2+ (mg/L) on the WMR after 30minutes of filtration down the column.
	BIOSORBENT
	Initial Ni conc.
In mg/L
	Ni Conc. at 
pH of 2.6
	Ni Conc. at 
pH of 6.2
	Ni Conc. at 
pH of 10.5

	WMR
(Unmodified)
	2.04
	1.73
*(15.20%)
	1.14
*(44.12%)
	1.88
*(7.84%)

	WMR BIOCHAR
(Modified)
	2.04
	1.71	
*(16.17%)
	0.98
*(51.96%)
	1.84
*(9.80%)


 *(%) Bioadsorption/Removal of Ni2+ ions by the Biosorbent
In Table 2 above, at a contact time of 30 minutes, the following observations were made. At pH 2.6 (an acidic medium), Ni2+ ions were removed from the produced-water sample by 15.20 percent, decreasing from an initial concentration of 2.04mg/L to 1.73 mg/L when unmodified watermelon rind powder was used as the biosorbent. At the same pH of 2.6 (an acidic medium), Ni2+ ions in the produced water were reduced by 16.17 percent, decreasing from an initial concentration of 2.04 mg/L to 1.71 mg/L when modified WMR (biochar) was used as the biosorbent. At pH 6.2, Ni2+ ions were further reduced by 44.12 percent and 51.96 percent when unmodified WMR powder and modified WMR biochar were used as biosorbents, respectively. This reduced the Ni2+ ion concentration from the initial concentration of 2.04 mg/L to 1.14 mg/L and 0.98 mg/L using the unmodified WMR powder and modified WMR biochar biosorbents, respectively.
At pH 10.5 (alkaline medium), Ni2+ ions were reduced by only 7.84 percent and 9.8 percent from the produced water when unmodified WMR powder and modified WMR biochar were used as biosorbents, respectively. This reduced their concentration from an initial concentration of 2.04 mg/l to 1.88 mg/L and 1.84 mg/L using the unmodified WMR powder and modified WMR biochar biosorbents, respectively.



Table 3.Effect of pH on the Biosorption of Pb2+ (mg/L) on the WMR after 30minutes of filtration down the column.
	BIOSORBENT
	Initial Pb conc.
In mg/L
	Pb Conc. at 
pH of 2.6
	Pb Conc. at 
pH of 6.2
	Pb Conc. at 
pH of 10.5

	WMR
(Unmodified)
	0.036
	0.021
* (41.67%)
	0.013
* (63.87%)
	0.028
* (22.22%)

	WMR BIOCHAR
(Modified)
	0.036
	0.024	
* (33.33%)
	< 0.01
* (>99.00%)
	0.024
* (33.33%)


 *(%) Bioadsorption/Removal of Pb2+ ions by the Biosorbent
In Table 3 above, at a contact time of 30 minutes, the following observations were made. At pH 2.6 (an acidic medium), Pb2+ ions were removed from the produced-water sample by 41.67 percent, decreasing from an initial concentration of 0.036mg/L to 0.021 mg/L when unmodified watermelon rind powder was used as the biosorbent. At the same pH of 2.6 (an acidic medium), Pb2+ ions in the produced water were reduced by 33.33 percent, decreasing from an initial concentration of 0.036 mg/l to 0.024 mg/L when modified WMR (biochar) was used as the biosorbent. At pH 6.2, Pb2+ ions were further reduced by 63.87 percent and >99.9 percent when unmodified WMR powder and modified WMR biochar were used as biosorbents, respectively. This reduced the Pb2+ ion concentration from the initial concentration of 0.036 mg/l to 0.013 mg/L and <0.01 mg/L using the unmodified WMR powder and modified WMR biochar biosorbents, respectively.
At pH 10.5 (alkaline medium), Pb2+ ions were reduced by only 22.22 percent and 33.33 percent from the produced water when unmodified WMR powder and modified WMR biochar were used as biosorbents, respectively. This reduced their concentration from an initial concentration of 0.036 mg/l to 0.028 mg/L and 0.024 mg/L using the unmodified WMR powder and modified WMR biochar biosorbents, respectively.



Table 4.Effect of pH on the Biosorption of Zn2+ (mg/L) on the WMR after 30minutes of filtration down the column.
	BIOSORBENT
	Initial Zn conc.
In mg/L
	Zn Conc. at 
pH of 2.6
	Zn Conc. at 
pH of 6.2
	Zn Conc. at 
pH of 10.5

	WMR
(Unmodified)
	0.189
	0.171
*(9.52%)
	0.019
*(90.00%)
	0.101
*(8.80%)

	WMR BIOCHAR
(Modified)
	0.189
	0.165	
*(12.70%)
	< 0.01
*(>99.00%)
	0.093
*(50.79%)


 *(%) Bioadsorption/Removal of Zn2+ ions by the Biosorbent
In Table 4 above, at a contact time of 30 minutes, the following observations were made. At pH 2.6 (an acidic medium), Zn2+ ions were removed from the produced-water sample by 9.52 percent, decreasing from an initial concentration of 0.189mg/l to 0.171 mg/L when unmodified watermelon rind powder was used as the biosorbent. At the same pH of 2.6 (an acidic medium), Zn2+ ions in the produced water were reduced by 12.7 percent, decreasing from an initial concentration of 0.189 mg/L to 0.165 mg/l when modified WMR (biochar) was used as the biosorbent. At pH 6.2, Zn2+ ions were further reduced by 90.0 percent and >99.0 percent when unmodified WMR powder and modified WMR biochar were used as biosorbents, respectively. This reduced the Zn2+ ion concentration from the initial concentration of 0.189 mg/l to 0.019mg/L and <0.01 mg/L using the unmodified WMR powder and modified WMR biochar biosorbents, respectively.
At pH 10.5 (alkaline medium), Zn2+ ions were reduced by only 8.80 percent and 50.79 percent from the produced water when unmodified WMR powder and modified WMR biochar were used as biosorbents, respectively. This reduced their concentration from an initial concentration of 0.189 mg/l to 0.101 mg/L and 0.093 mg/L using the unmodified WMR powder and modified WMR biochar biosorbents, respectively.


Table 5. Effect of pH on the Biosorption of Cu2+ (mg/L) on the WMR after 30minutes of filtration down the column.
	BIOSORBENT
	Initial Cu conc.
In mg/L
	Cu Conc. at 
pH of 2.6
	Cu Conc. at 
pH of 6.2
	Cu Conc. at 
pH of 10.5

	WMR
(Unmodified)
	1.84
	1.51
*(17.90%)
	0.94
*(48.91%)
	1.62
*(11.96%)

	WMR BIOCHAR
(Modified)
	1.84
	1.43	
*(22.28%)
	0.87
*(52.72%)
	1.60
*(13.04%)


 *(%) Bioadsorption/Removal of Cu2+ ions by the Biosorbent
In Table 5 above, at a contact time of 30 minutes, the following observations were made. At pH 2.6 (an acidic medium), Cu2+ ions were removed from the produced-water sample by 17.9 percent, decreasing from an initial concentration of 1.84 mg/L to 1.62 mg/L when unmodified watermelon rind powder was used as the biosorbent. At the same pH of 2.6 (an acidic medium), Cu2+ ions in the produced water were reduced by 22.28 percent, decreasing from an initial concentration of 1.84 mg/L to 1.60 mg/l when modified WMR (biochar) was used as the biosorbent. At pH 6.2, Cu2+ ions were further reduced by 48.91 percent and 52.72 percent when unmodified WMR powder and modified WMR biochar were used as biosorbents, respectively. This reduced the Cu2+ ion concentration from the initial concentration of 1.84 mg/L to 0.94mg/L and 0.87mg/L using the unmodified WMR powder and modified WMR biochar biosorbents, respectively.
At pH 10.5 (alkaline medium), Cu2+ ions were reduced by only 11.96 percent and 13.04 percent from the produced water when unmodified WMR powder and modified WMR biochar were used as biosorbents, respectively. This reduced their concentration from an initial concentration of 1.84 mg/l to 1.62 mg/L and 1.60mg/L using the unmodified WMR powder and modified WMR biochar biosorbents, respectively.



Table 6. The Effect of Contact time (minutes) on the Biosorption of selected heavy metals on the WMR (water melon rind) at a pH of 6.2, after filtration down the column.

	Selected Heavy Metal Ions
	BIOSORBENT
	INITIAL CONC. mg/L
	CONC. mg/L AFTER 30 MINUTES FILTRATION
	CONC. mg/L AFTER 60 MINUTES FILTRATION
	CONC. mg/L AFTER 180 MINUTES FILTRATION

	Cu2+
	WMR Powder (Unmodified)
	1.84
	0.94 
*(48.10%)
	0.98 
*(46.79%)
	1.02 
*(44.56%)

	
	WMR Biochar (Modified)
	1.84
	0.87 
*(52.72%)
	0.89 
*(51.63%)
	0.96 
*(47.83%)

	Pb2+
	WMR Powder (Unmodified)
	0.036
	0.013 
*(63.89%)
	< 0.01 
*(>99.90%)  
	< 0.01 
*(>99.90%)  

	
	WMR Biochar (Modified)
	0.036
	< 0.01 
*(>99.90%)  
	< 0.01 
*(>99.90%)  
	< 0.01 
*(>99.90%)  

	Cd2+
	WMR Powder (Unmodified)
	1.55
	0.035 
*(97.74%) 
	0.024 
*(98.45%)
	0.023 
*(98.52%)

	
	WMR Biochar (Modified)
	1.55
	0.018 
*(98.84%)
	<0.01
*(>99.90%)   
	0.012 
*(99.23%)

	Ni2+
	WMR Powder (Unmodified)
	2.04
	1.14 
*(44.12%)   
	0.87 
*(57.35%)
	0.74 
*(63.73%)

	
	WMR Biochar (Modified)
	2.04
	0.98 
*(51.96%)   
	0.72 
*(64.71%)   
	0.55 
*(73.04%)

	Zn2+
	WMR Powder (Unmodified)
	0.189
	0.019  
*(89.95%)
	0.020 
*(89.42%)
	0.019 
*(89.95%)

	
	WMR Biochar (Modified)
	0.189
	<0.01 
*(>99.90%)
	<0.01 
*(>99.90%)
	<0.01 
*(>99.90%)


*(%) Biosorption/Removal of Metal ions by the Biosorbent with time
Table 6 shows that pH 6.2 and a contact time of 30 minutes were the most effective conditions for both modified and unmodified WMR. Thus, Pb2+, Zn2+, and Cu2+ ions required 30 minutes of contact at pH 6.2 using modified WMR biochar for the most efficient removal from produced water. Cadmium (Cd2+) required an optimum contact time of 60 minutes at pH 6.2 using WMR biochar. For nickel (Ni2+), biosorbent performance increased with contact time, indicating that the optimum contact time might exceed 180 minutes at pH 6.2. Both biosorbents reduced Pb2+, Zn2+, and Cu2+ ions below the maximum permissible levels prescribed by EGASPIN (2018) (Table 7) for safe environmental release at all tested pH values and contact times, but they did not achieve this for Ni2+. For Cd2+, the optimum pH and contact time for reduction below the EGASPIN (2018) maximum permissible level were 6.2 and 60 minutes, respectively.
Table 7. Comparison of EGASPIN (2018), WHO (2017) Guideline Values for Selected Heavy Metals and Environmental implications
	Heavy Metals
	EGASPIN (2018) Maximum Permissible Limit (mg/L)
	WHO Drinking Water (2017)Guideline (mg/L)
	Environmental Significance

	Lead (Pb)
	0.05
	0.01
	Highly toxic; causes neurological, renal and developmental disorders.

	Cadmium (Cd)
	0.01
	0.003
	Highly toxic and carcinogenic; accumulates mainly in the kidneys and bones.

	Copper (Cu)
	1.5
	2.0
	Essential micronutrient but toxic at elevated concentrations.

	Nickel (Ni)
	0.5
	0.07
	Causes allergic reactions, respiratory disorders and potential carcinogenic effects.

	Zinc (Zn)
	5.0
	3.0
	Essential trace element; excessive concentrations impair aquatic life and affect water taste.



4. Discussion
The removal performances of unmodified WMR powder and modified WMR biochar for the metal ions were as follows. Using unmodified WMR powder at pH 2.6 and a contact time of 30 minutes, the results for each heavy metal were: Cu2+, 1.51 mg/L (17.90%); Pb2+, 0.02 mg/L (41.67%); Cd2+, 0.75 mg/L (51.55%); Ni2+, 1.73 mg/L (15.20%); and Zn2+, 0.17 mg/L (9.52%). The corresponding results for modified WMR biochar at the same pH of 2.6 and a contact time of 30 minutes were: Cu2+, 1.43 mg/L (22.82%); Pb2+, 0.024 mg/L (33.33%); Cd2+, 0.823 mg/L (46.90%); Ni2+, 1.71 mg/L (16.17%); and Zn2+, 0.165 mg/L (12.70%).
When the pH was adjusted to 6.2 at a constant contact time of 30 minutes, the following heavy-metal ion concentrations were obtained using unmodified WMR powder: Cu2+: 0.94 mg/L (48.91%); Pb2+: 0.013 mg/L (63.87%); Cd2+: 0.035 mg/L (97.74%); Ni2+: 1.14mg/L (44.12%); and Zn2+: 0.019 mg/L (90.00%). At the same pH value (pH 6.2), using modified WMR biochar at a constant contact time of 30 minutes, the values were as follows: Cu2+: 0.87 mg/L (52.22%); Pb2+: <0.01 mg/L (>99.90%); Cd2+: 0.018 mg/L (98.84%); Ni2+: 0.98mg/L (51.96%); and Zn2+: <0.01 mg/L (>99.90%).
When the pH was further adjusted to 10.5 using unmodified WMR powder at a constant contact time of 30 minutes, the following heavy-metal ion concentrations and corresponding percentage removals were obtained: Cu2+: 1.62 mg/L (11.96%); Pb2+: 0.028 mg/L (22.22%); Cd2+: 0.931 mg/L (39.94%); Ni2+: 1.88mg/L (7.84%); and Zn2+: 0.101 mg/L (8.80%). The following values were also obtained using modified WMR biochar: Cu²: 1.60 mg/L (13.04%); Pb²: 0.024 mg/L (33.33%); Cd²: 0.881 mg/L (43.16%); Ni²: 1.84 mg/L (9.80%); and Zn²: 0.093 mg/L (50.79%).
Based on the above values, it was observed that neither unmodified nor modified watermelon rind performed well in removing heavy metals from produced water at pH 2.6 and a contact time of 30 minutes because the system was highly and strongly protonated (H+). The high concentration of strong H+ in the strongly acidic medium (pH < 3) leads to competition for the adsorption sites in watermelon rind with the heavy-metal ions. At pH 6.2 and a contact time of 30min, considerable removal of heavy-metal ions from produced water was observed, with optimum removal in certain cases, such as Cu2+, Pb2+, and Zn2+. The metal ions are not in competition with weak H+ for the biosorbent’s sorption sites and, moreover, the metal ions cannot form insoluble metal hydroxides at this pH.
After the solution was adjusted to pH 10.5, both modified WMR biochar and unmodified WMR powder showed decreased biosorption performance. This was due to the precipitation of heavy metals in the produced water as insoluble metal hydroxides in the alkaline medium after 30 minutes of contact time. In addition, modified WMR biochar showed a significant increase in biosorption ability compared with unmodified WMR powder.
At all pH values and contact times, the unmodified and modified WMR biosorbents were able to reduce the concentrations of Cu2+, Pb2+, and Zn2+ ions in the produced water to below the maximum limits set by the WHO (2017) for safe drinking water. The above observations are attributed to an increased number of surface sites, increased porosity of the modified material, a high percentage of carbon, the absence of oxygen-containing functional groups, and the higher biosorption capacity of the biochar. The results obtained in this study are generally in agreement with related literature cited in this work.
5. Conclusions
Under the experimental conditions evaluated, pH 6.2 provided the most favourable medium for the biosorption of the selected metal ions by WMR-based biosorbents. Modified WMR biochar generally performed better than unmodified WMR powder. At a contact time of 30 minutes, modified biochar achieved >99.90% removal of Pb²⁺ and Zn²⁺ and 52.72% removal of Cu²⁺. For Cd²⁺, the highest removal within the tested contact times was obtained at 60 minutes, where removal exceeded 99.90%. Ni²⁺ showed a different time-dependent pattern, with removal increasing from 51.96% at 30 minutes to 73.04% at 180 minutes; therefore, 180 minutes represents the highest tested value rather than a confirmed optimum. The study demonstrates the potential of treated watermelon rind as a biosorbent for reducing selected metal ions in produced water while providing a value-added use for an agricultural waste material. Within the scope of the reported experiments, modified WMR biochar appears more suitable than unmodified WMR powder for the investigated application, although further contact-time evaluation is required for Ni²⁺..
6. Limitation of the Study    
The maximum contact time in this research was 180 minutes, which was insufficient to establish the optimum removal of Ni2+ ions from the produced water because a longer contact time could potentially result in greater Ni2+ removal. Furthermore, kinetic studies and the order of biosorption were not reported, although these could provide a more comprehensive understanding of the biosorption process. Finally, the study did not cover all metal ions but focused on the biosorption of selected heavy-metal ions.
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