REDUCING THE EFFECTS OF TOXIC HEAVY METALS CONTAMINATION ON HUMAN PHYSIOLOGICAL PROCESSES BY OPTIMIZING THE USE OF LOW-COST AGRICULTURAL BY-PRODUCT FOR BIOSEPARATION
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ABSTRACT
Access to abundant clean water is a serious issue affecting the physical and economic health of world communities. Wastewater treatment is important to prevent disease and renew precious fresh water resources. The optimum application of an agricultural by product-cocoa pod husk-in the bioremediation of Al (III), Cr (VI) and Ni (II) metal ions was studied. The effects of particle sizes of adsorbent, weight of adsorbent, agitation speed and initial concentration of metal ions solution on the adsorption process were investigated. The amount of metal ions adsorbed increased as the initial concentrations of metal ions solution were increased. Al (III) was adsorbed more than Cr (VI), and then followed by Ni (II) ion. The adsorption process was fitted to the Langmuir, Freundlich, Dubinin-Radushkevich, Temkin and Harkins-Jura isotherm models. The Freundlich isotherm gave a better fit to the adsorption process with linear correlation coefficient (R2) values ranging from 0.8164 to 0.9980. A two-way analysis of variance (ANOVA) without replication at p < 0.5 was used to determine the significance of the fitness of the isotherms to the sorption process. Therefore, cocoa pod husk was capable of removing Al (III), Cr (VI) and Ni (II) ions from aqueous solution, hence making cocoa pod husk a feasible low-cost agricultural by-product adsorbent for heavy metal removal. Also, the results of this work could serve as design parameter for treatment plant used in bioremediation which in return is likely a profitable technology for water and wastewater treatment and re-use, hence effecting the reduction of the toxic effects of these metals on human physiological processes. 
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INTRODUCTION 
	The study of heavy metals and related elements, have drawn a lot of the attention of environmental health research for more than two decades now as a result of their persistence, bioaccumulation, and toxicity. Many of these metals are carcinogenic or neurotoxic, posing hazards to both ecosystems and human populations (Jaishankar et al., 2014). Top on the list of these metals are aluminum (III), chromium (VI), and nickel (III) because of their distinct, yet severe health effects. The contamination of the environment by these heavy metals has been on the increase because of increasing urbanization and industrialization. Heavy metals are mostly discharged and distributed in the environment through both natural and anthropogenic sources. The natural sources include natural disasters such as volcanic eruptions, flood and so on. The anthropogenic sources of these heavy metals may include industries that manufacture paints, fertilizers, ceramics, herbicides and pesticides, semiconductors, pigments, pharmaceuticals, etc. (Balali-Mood et al., 2021). The adverse environmental effects of these heavy metals on man and the environment have received extensive attention in the past twenty-five years, because of the hazards posed by these metals. These metals accumulate in soils, water, and biota, leading to chronic human exposures that manifest in multiple organ toxicities, including renal, hepatic, pulmonary, cardiovascular, and neurological disorders (Jaishankar et al., 2014).
	The effect of these metals on human physiological processes cannot be overemphasized. Aluminium is widely recognized for its neurotoxic potential, causing degeneration of astrocytes (Zhang et al., 2024; Ijomone et al., 2025; Hayat et al., 2025) and interferes with the metabolism of the neuronal cytoskeleton (Huat et al., 2019; Dey and Singh, 2022a). This it does by promoting tau protein accumulation and neuritic degeneration (Zhang et al., 2019). Tau protein which is a microtubule-associated protein found primarily in neurons, plays a crucial role in stabilizing microtubules, essential components of the cell's internal transport and structural system. While healthy, hyperphosphorylated tau is normal, in certain neurological conditions, such as Alzheimer’s disease caused by alumimum poisoning, tau becomes abnormally modified, forming neurofibrillary tangles that disrupt neuronal function and lead to neurodegeneration (Zhang et al., 2019). It also shifts neural progenitor differentiation away from neurons toward astrocytic lineages, contributing to reactive astrogliosis. Mechanistic studies further demonstrate that aluminum induces oxidative stress, mitochondrial dysfunction, and neuro-inflammation (Kaur & Sharma, 2015; Zhang et al., 2019). Cerebral dysfunction was reported in people exposed to drinking water that had been contaminated with Al sulphate (Igbokwe et al., 2020; Coulson and Hughes, 2022; Kondaiah et al., 2024). Animal studies indicate that oral exposure to Al leads to accumulation in the brain, bone, muscle, kidney and other organs (Bittencourt et al., 2022; Dey and Singh, 2022b) 
	Hexavalent chromium (Cr (VI)) is one of the most toxic forms of Chromium and it is highly soluble and mobile. Once inside cells, Cr (VI) undergoes reduction to lower valence states, generating reactive oxygen species (ROS) that cause DNA mutation, oxidative damage, and chromosomal instability (Balali-Mood et al., 2021). Hexavalent Chromium has been classified by the International Agency for Research on Cancer (IARC) as a Group 1 human carcinogen, strongly linked to lung and nasal cancers in occupationally exposed workers. Chromium (Cr VI) toxicity is one of the major causes of environmental pollution emanating from tannery effluents (Acousta-Rodriguez et al., 2012). Acute exposure to Cr (VI) causes nausea, diarrhea, liver and kidney damage, dermatitis, internal hemorrhage and respiratory problems (Sharma et al., 2022; Shin et al., 2023). Ingested Cr(VI) has also been associated with gastrointestinal and oral cancers in polluted communities (Sazakli, 2024). Environmentally, Cr(VI) contaminates groundwater near industrial, mining, and tanning operations (OEHHA, 2025). It is toxic to plants (inhibiting germination and growth) (Singh et al., 2021) and aquatic organisms (causing oxidative stress and gill damage) (Sharma et al., 2022), thereby posing threats to food security and biodiversity (Jaishankar et al., 2014). In humans, beyond carcinogenicity, Cr(VI) exposure causes respiratory irritation, dermatitis, liver and kidney damage (Shin et al., 2023).
	Nickel commonly occurs as Ni (II), but Ni (III) can form during industrial processes or intracellular redox cycling. Nickel compounds are established Group 1 carcinogens (IARC), with occupational exposure linked to lung and nasal cancers. Ni (II) complexes, being strong oxidants, exacerbate oxidative stress, cause DNA damage, inhibit DNA repair, and promote epigenetic dysregulation (Das et al., 2019). Environmentally, nickel contamination of soils and water is associated with smelting, electroplating, and battery industries. Chronic exposure impairs plant growth and enzyme systems, while in humans it provokes dermatitis, asthma, gastrointestinal distress, renal dysfunction, and developmental effects. The WHO guideline value for nickel in drinking water is 0.07 mg/L, reflecting its high toxicity even at low concentrations (WHO, 2021).
	Generally, aluminum (III), chromium (VI), and nickel (III) are very good examples of the diversity of heavy-metal hazards, while chromium and nickel are strongly carcinogenic, aluminum primarily affect the nervous system. All these metals persist in the environment, bioaccumulate, and threaten ecological balance. While carcinogenic metals such as cadmium and arsenic remain a major concern globally, aluminum deserves continued scrutiny due to its unique neurotoxic potential. Importantly, data from Nigeria indicate that aluminum levels in some community water sources already exceed WHO’s practical targets, underscoring the need for routine monitoring, optimization of water treatment, and health surveillance. For instance, hand-dug wells in Ogun State contained aluminium in the range of 0.093–0.134 mg/L (Oluwafemi et al., 2019), exceeding the recommended 0.1 mg/L target. Similar findings have been reported in Anambra and Enugu States, raising concerns about chronic low-level exposure (Ezeabasili et al., 2014). The combination of mechanistic, epidemiological, and field evidence suggests that maintaining aluminium concentrations in drinking water as low as practicable (<0.1 mg/L) is a critical preventive measure, especially in vulnerable populations such as children and the elderly. For chromium and nickel, industrial sources remain the principal concern, and preventive strategies should combine emission controls, safe waste disposal, and strict adherence to occupational standards.
The removal of metal ions from effluents is of importance to many countries of the world both environmentally and for water re-use. The conventional methods of heavy metal removal, which includes, filtration, oxidation, coagulation, precipitation, have been found to have some flaws. The use of activated carbon is expensive and also has problems of regeneration. Therefore, more effective methods of heavy metal removal have been sought. The sorption of pollutants from aqueous solution plays an important role in wastewater treatment because it eliminates the need for huge sludge-handing processes. Well-designed sorption processes have high efficiency resulting in a high-quality effluent after treatment which can be recycled (Liu et al., 2022; Adegoke et al., 2023; Karzegar et al., 2024).
Furthermore, if low-cost sorbents or sorbent regeneration is feasible then the sorbent material cost can be kept low. It is therefore understandable why the search for low-cost sorbents for bioremediation of heavy metals from wastewater. The application of low-cost sorbents including carbonaceous materials, agricultural products and waste by-products has been studied. In recent years, agricultural by-products have been widely studied for metal removal from wastewater. These include bone char (Ranjbar et al., 2018; Medellín Castillo et al., 2020; Piccirillo, 2023); date palm (Shafiq et al., 2018); shrimp-based chitosan (Rahman, 2023; Rahman et al., 2024). rice husk (Rahman et al., 2020; Zhang et al., 2023); sugar beet pulp (Zolgharnein et al., 2011); sugarcane bagasse fly ash (Praipipat et al., 2023); waste egg shell (Rajendran and Mansiya, 2011), almond green hull (Sharanavard et al., 2011), modified corn stalks (Chen et al., 2011).
	Therefore, it is of utmost importance to investigate cheap and affordable method for the removal of these metal ions from the environment to mitigate their effects on human physiological processes. In this work, the goal was to study the possibility of the utilization of cocoa pod husk for the sorption of chromium aluminum and nickel ions from aqueous solution. The system variables studied include sorbent particle size, agitation speed, sorbent weight and initial concentration of metal ion solutions. The suitability of the isotherms, Freundlich, Langmuir, Dubnin-Radushkevich, Temkin, Harkins-Jura and Flurry-Huggins; were also determined. 

MATERIALS AND METHODS 
Materials 
	The cocoa pod husk used was obtained from a local farm in Umuahia, Abia State, Nigeria. It was thoroughly washed with deionized water, ground into a meal and then air-dried. The dried husk was sieved using a test sieve shaker (EFL 1MK3 model made by Endecotts England) to obtain particle sizes of <125, 125, 250, 425, 500, 600 and >850 μm. It was then soaked in 2% (v/v) dilute nitric acid for 24 h filtered and washed copiously with deionized water, air dried and kept in an air-tight plastic container ready for use. The treatment of the adsorbent with HNO3 solution aids the removal of any debris or soluble biomolecules that might interact with metal ions during sorption. The process is called chemical activation of the cocoa pod husk.
	All reagents used were of analytical grade and used as purchased without further purification. The stock solutions of Chromium (VI), Aluminum (III) and Nickel (II) (2000 mg/l) were prepared in deionized water using Chromium sulphate, Aluminum sulphate and Nickel sulphate respectively. All working solutions were prepared by diluting the stock solution with deionized water. 

Methods 
Adsorbent Characterization 
	The cocoa pod husk was characterized in terms of Bulk density, particle density, pore volume, porosity, cation exchange capacity (CEC), specific surface area (SAA) and the surface charge density (SCD). The bulk density was determined as the ratio of the bulk mass of the test sample to its bulk volume. A clean dry density bottle was weighed and its weight was recorded (W1). The density bottle was fully filled up to the stopper with the husk and measured (W2). By difference (W2 - W1), the bulk weight of the husk was calculated. Then, the weighed sample in the sample bottle was carefully decanted into a clean dry measuring cylinder and the volume (V) was red from the calibration. The bulk density (BD) was then calculated from the equation. 
	        	
The particle density was determined by the specific gravity bottle method and the pore volume was obtained as the inverse relation of particle density (Horsfall et al., 2004). The porosity was calculated as the percentage ratio of the difference between the bulk volume (BV) and the gram volume (GV) to the bulk density (BD). It is given by the equation below.


	The cation exchange capacity (CEC) of the cocoa pod husk was determined by the ammonium acetate saturation procedure (Horsfall et al., 2004). In this method, a 1.0g sample of the husk was dispersed in 1M sodium acetate solution. The resulting suspension was mixed with 1M ammonium acetate and mechanically stirred at room temperature for 1h and centrifuged at 2800 –xg for 5 minutes to extract the Na+ ions. The extracted Na+ concentration of the solution was determined by flame atomic adsorption spectroscopy (FAAS). 
	The specific surface area (SAA) of the adsorbent was determined using the methylene blue absorption test (MBT) method (Santamarian et al., 2002). 2.0g of the adsorbent was dissolved in 200 mL of deionized water and 10ppm of the methylene blue solution was added to the adsorbent suspension and agitated in a shaker for 2h. Thereafter, it was kept for 24h to reach equilibrium, after which 10ml aliquot was taken and centrifuged. The centrifuged aliquot was then analyzed using a UNICAM 8700 UV/visible spectrophotometer to determine the amount of methylene blue absorbed. Also, 20, 30, 40, 50, 60 and 70 ppm solutions of methylene blue were then added sequentially and the previous steps repeated. A graph of concentration of methylene blue added versus the amount of absorbed methylene blue was used to identify the point. The specific surface area was calculated from the amount of absorbed methylene blue at the optimum point of cation replacement as follows: 
	
Where; mMB is amount of methylene blue absorbed at the point of complete cation replacement; Ms is mass of adsorbent; Av is Avogadro’s number, 6.02 x 1023; AMB is area covered by one methylene blue (assumed to be 130Å2). Then, the surface charge density (SCD) was calculated from the value of CEC and specific surface area as the ratio of the two given by: 
 

	The FT-IR spectra of cocoa pod husk (CPH) adsorbents were carried out by a method reported by Faramarzi, et al., (2023) and the morphology of cocoa pod husk (CPH) adsorbents was examined with a Scanning Electron Microscopy (SEM) according to the method reported by Tsai et al., (2020)

Equilibrium sorption of metal ions 
Effect of particle size of adsorbent 
	Batch sorption tests were done using seven different particle sizes of <125, 125, 250, 425, 500, 600 and +850 μm. 1 gram of the adsorbent of a particular size was mixed with 100ml of metal ion solution of initial concentration 1000 mg/L. The mixture was left at 30oC and pH of 7.5 on a rotary shaker at 100rpm for 1hr. The mixture was then filtered rapidly and the filtrate was analyzed for metal ion concentration.
Effect of Weight of adsorbent 
	Batch sorption tests were done at five different weights of 4, 6, 8, 10 and 15 grams of adsorbent of one particle size of 250m. The initial concentration of metal ions was 1000 mg/L. The mixture was left at 30oC and pH of 7.5 on a rotary shaker at 100rpm for 1hr. The mixture was then filtered rapidly and the filtrate was analyzed for metal ion concentration.
Effect of agitation speed 
	Batch sorption tests were done at four different speeds of agitation 100, 200, 300 and 400 rpm. The initial metal ion concentration was 1000 mg/L, weight of adsorbent used was 1gram and particle size was 250 μm. The mixture was left at 30oC and pH of 7.5 on a rotary shaker at 100rpm for 1hr. The mixture was then filtered rapidly and the filtrate was analyzed for metal ion concentration.
Effect of Initial Concentration 
	Batch sorption experiments were performed at various initial metal ion concentration ranges of 50, 100, 200, 400, 600, 800, 1000 mg/L. The particle size used was 250µm of unmodified adsorbent. Weight of adsorbent used was 1 gram. 100 mL of the metal ion solution was added to 1 gram of the adsorbent and left in a rotary shaker at 100rpm for 1hr at pH of 7.5 and temperature of 30oC. The mixture was filtered and the metal ion concentration in the filtrate was determined.
	In each set of experiments, the metal ion concentration was determined using a UNICAM 919 solar atomic absorption spectrophotometer (AAS). Blank solutions without sorption process were also prepared and analyzed. The concentration of the metal ion was determined by the difference, using average values of triplicate readings.

RESULTS AND DISCUSSION 
	The amount of metal ions adsorbed per gram of adsorbent at equilibrium qe, (mg/g), was calculated using Equation (5). 
    		            
Where, qe is the amount adsorbed (mg/g); V is the volume of the solution (L); Co is the initial metal ion concentration (mg/L); Ce is the metal ion concentration in the filtrate (mg/L) and m is the mass of adsorbent used (g).

Surface characterization
	The results of the surface characteristics of the cocoa pod husk are presented on Table 1. From Table 1, it was observed that the specific surface area (SAA) and the surface charge density (SCD) of the cocoa pod husk are very high, having values of 1.367 x 1026 m2/g and 6.43 x 1024 meq/m2 respectively. These shows expected high adsorption capacity, especially if the mechanism of sorption is by ion exchange. An overview of experimental studies using biochar to adsorb ammonium and analysis of physical and chemical characteristics to determine the most important factors that influence adsorption capacity have been reported (Shenk et al., 2022).
Table 1: Surface Characteristics of Cocoa pod husk
	Parameter
	Value
	Parameter
	Value

	Particles size 
	250-600µm
	Cation exchange capacity (CEC)
	88.0mg/100g

	 Bulk density (BD) 
	0.398g/cm3
	Specific Surface Area (SAA)
	1.367 x 1025m2/g

	 Particle density (PD) 
	0.426g/cm3
	Surface charge density (SCD)
	6.43 x 1024 Meq/m2

	 Pore volume 
	2.10cm3/g
	pH
	7.12 (6.25*)

	 Porosity 
	9.77%
	
	


*Value of pH after 24 hours. 

	The FT-IR spectra of dried unloaded and metal-loaded- cocoa pod husk adsorbents were carried out to obtain information on the nature of possible interactions between the functional groups of the cocoa pod husk and the metal ions. These spectra displayed a number of absorption peaks which indicates the complex nature of the adsorbents. The results of the possible functional groups are shown in Table 2.

Table 2: IR absorption bands and corresponding possible groups in the unmodified cocoa pod husk
	Wave number (cm-1)
	Possible functional groups

	3200-3600
	-OH and –NH

	2850 -3100
	-CH

	2240-2400
	-SH

	1690-1760
	-C=O

	1630-1680
	COO-and C=C

	1080-1300
	-C-O and C-N



	Adsorption in the IR region takes place due to the rotational and vibrational movements of the molecular groups and chemical bond of a molecule. The two fundamental vibrations are stretching, where the atoms stay in the same bound axis but the distance between atoms increases or decreases and deformation, where the positions of the atoms change relative to the original bond axis (Anagaw et al., 2025). The broad and strong band ranging from 3200-3600cm-1 indicates the presence of -OH and -NH groups stretching frequency (Dai et al., 2023; Kassem et al., 2023; Pasieczna-Patkowska et al., 2025). The peaks observed at 2850-3100 cm-1 can be assigned to asymmetric and symmetric-CH groups respectively (Faramarzi, et al., 2023; Portaccio et al., 2023). The peak at 2240-2400cm-1 is characteristic of -SH group. The peaks located around 1690-1760cm-1 is a characteristic of carbonyl –C=O stretching from carboxylic acid. The absorption bond around 1630-1680cm-1 corresponds to the carboxylate (COO-) and C=C stretching that can be attributed to the aromatic C-C bond (Hadjiivanov et al., 2021; Shukla, 2025). The absorption bands around 1400-1600cm-1 are assigned to aromatic skeletal vibration. The intense band at 1080 cm-1 corresponds to the C-O of alcohols and carboxylic acids, while peaks around 1150-1250cm-1 corresponds to phenolic hydroxyl group in lignin and the C-N of amides (Tew et al., 2022; Blindheim and Ruwoldt, 2023).
	The results of SEM of the unmodified and Al ion loaded ummodified cocoa pod husk are shown in Figure 1a and b, respectively. The result shows a change in the surface morphology of the cocoa pod husk because of adsorption of the metal ions. The scanning electron micrographs of the unmodified cocoa pod husk (CPH) revealed a heterogeneous, fibrous surface with a combination of smooth and slightly rough texture characteristic of lignocellulosic biomass. The surface exhibited irregular pores, cavities, and inter-fibrillar spaces, which are typical of the structural arrangement of cellulose, hemicellulose, and lignin in natural plant materials (Tsai et al., 2020; Abou et al., 2024). These surface features indicate that the raw CPH possesses active sites and surface voids capable of accommodating adsorbate species, even though their accessibility and uniformity may be limited by the presence of natural waxes and bound organic matter.
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(a)                                                         (b)
Figure 1: Scanning Electron Microscopy (SEM) picture of (a) unmodified and unloaded cocoa  pod husk; (b) Unmodified and Al (III) ion loaded cocoa pod husk.

	After adsorption of Al³⁺ ions, distinct morphological changes were observed on the surface of the CPH. The SEM images of the Al³⁺-loaded CPH showed a reduction in surface roughness and partial clogging or blockage of pores, suggesting that aluminum ions had been successfully adsorbed onto the adsorbent surface and possibly deposited within available pores. The formerly clear fibrous and porous texture of the unmodified CPH became more compact and smoother after metal uptake, implying surface coverage by Al species and the formation of metal–ligand complexes between Al³⁺ ions and surface functional groups such as hydroxyl (–OH), carbonyl (C=O), and carboxyl (–COOH) moieties (Anoraga et al., 2024; Gomez et al., 2025). The visible alteration in morphology confirms that Al³⁺ adsorption was not merely a surface phenomenon, but likely involved both surface complexation and micro-pore diffusion. The formation of small agglomerates or bright patches observed on the loaded sample can be attributed to localized aluminum deposition. This observation supports FT-IR evidence that revealed shifts in O–H and C=O stretching bands, further confirming coordination of Al³⁺ ions to oxygen-containing functional groups on the biomass (Tsai et al., 2020).
	Overall, the SEM results demonstrate that adsorption of Al³⁺ ions induces pronounced structural and textural changes on the cocoa pod husk surface. The observed differences between the unmodified and Al-loaded samples provide strong morphological evidence of successful adsorption and surface interaction between the metal ions and the CPH matrix. Such microstructural transformations are consistent with previous reports on metal-loaded lignocellulosic adsorbents, where metal binding leads to pore blockage, surface densification, and reduction in available adsorption sites (Anoraga et al., 2024; Abou et al., 2024). 
Effect of particle size 
	The amount of metal ions adsorbed (mg/g) is plotted against the particle sizes (µm) of the adsorbent and is presented in Figure. 2. 
[image: ]
	The amount of Al (III) ion adsorbed was higher followed by Cr (VI) ion and then Ni (II) ion. The range of particle sizes used did not have a significant influence on the amount adsorbed. Although this is contrary to expected for an intraparticle diffusion controlled process, it is necessary to point out that the thickness of the different particle sizes did not differ so much (dimension which determines the diffusion distance). This is so because size grading of ground biomass particle by standard sieves works on the length and width dimensions (He et al., 2022; Musheer et al., 2024). This behavior and effect of particle size on adsorption capacity has been reported by others (Kumkum and Kumar, 2024; Ullah and Rahman, 2024; Gence and Erdem, 2025). It has been reported that smaller particle size gives higher adsorption capacity. This can be attributed to the fact that as the size of the adsorbent decreases, the surface area of the adsorbent increases, thereby increasing the extent of adsorption (Rajendran and Mansiya, 2011; Rabiee Abyaneh et al., 2024).

Effect of weight (g) of adsorbent 
	The effect of adsorbent dose on the sorption process is shown on Figure 3. The amount adsorbed (mg/g) was plotted against the weight (g) of the adsorbent used. Again, Al (III) ion was adsorbed more than Cr (VI) followed by Ni (II) ion. Also, the weight of adsorbent had a slight influence on the amount adsorbed. As the weight of adsorbent was increased, the amount adsorbed increased slightly. The effect was more noticeable with the least ion adsorbed, which was Ni (II). Thus, we reasoned that the increase in weight of adsorbent did not have appreciable effect on the amount adsorbed because the initial dose of adsorbent (4 g) was enough to adsorb the concentration (1000 mg/l) of the metal ions used. Therefore, increase in adsorbent dose leaves some of the adsorbent sites in excess of what was required. Thus, no appreciable effect was observed in the amount adsorbed as adsorbent weight was increased beyond 6 g. Similar trends have been reported (Nasir et al., 2019; Ramkumar et al., 2021; Kinoti et al., 2024).

[image: ]

However, when adsorption capacity was converted to amount adsorbed per unit mass, adsorption density, it was found that as the adsorption dose was increased, the amount adsorbed per unit mass decreases. Similar results have been reported (Al-Ghouti & Da'ana, 2020; Li et al., 2022; Youssif et al., 2024; Saidi et al., 2025). The decrease in adsorption density with increase in the adsorbent dose is mainly because of unsaturation of adsorption sites through the adsorption process (Nasir et al., 2019; Ramkumar et al., 2021; Kinoti et al., 2024).

Effect of agitation speed 
	The influence of varying the agitation speed range was investigated for the sorption of Al (III), Cr (VI) and Ni (II) ions on cocoa pod husk. The other process variables were kept constant, while a series of experiments were undertaken with different agitation speeds of 100, 200, 300 and 400rpm. Figure 4 shows the plot of amount adsorbed (mg/g) for the metal ions against agitation speed for the sorption process. The variation in agitation speed appears to have only a small influence on the amount adsorbed for the metal ions. This could be due to the fact that better and more uniform mixing is achieved with increasing agitation or there may possibly be some boundary layer resistance to reaction which is decreased by increasing the agitation. The more agitation the greater is the shear on the boundary layer surrounding the particle (Chouchane et al., 2023, 2024). Generally, from Figure 4, Al (III) was adsorbed higher followed by Cr (VI) and then Ni (II) ion. 
[image: ]

Effect of initial concentration 
	The experimental results for the effect of initial concentration is shown as amount adsorbed (mg/g) against initial concentration (mg/L) in Figure. 5. The results for two particle sizes of adsorbent (250 and 500 µm) are also shown. 
[image: ]

From this figure, it was observed that: 
(i)	Al (III) ion was adsorbed more than Cr (VI) ion, and then followed by Ni (II) ion. 
(ii)	The two particle sizes investigated had on significant influence on the amount adsorbed. This confirms the result obtained from effect of particle size above. 
(iii)	The amount adsorbed increased steadily from 50 mg/L to 200 mg/L initial concentration, then sharply from 200 mg/L to 1000 mg/L. 
(iv)	There was very high removal efficiency of the metal ions by the cocoa pos husk, as high as 94%. 
(v)	When converted into percentage, the amount adsorbed increases with initial concentration but percent removal actually decreases with increase in initial concentration.
	The increase in amount adsorbed as initial metal ion concentration was increased has been reported (Acosta-Rodriguez et al., 2012; Dan et al., 2021). The increased uptake capacity and decreased percentage of metal ions removal as initial concentration was increased have been attributed to increase in the number of metal ions competing for the available functional groups or binding sites on the surface of the adsorbent (Li et al., 2022; Raji et al., 2024). The pattern of results obtained with the sorption of Al (III), Cr (VI) and Ni (II) ions on cocoa pod husk could be explained based on the modes of uptake of metal ions by cellulosic materials. The ionic diameters of the metal ions are given as Al3+ (67.0 pm), Cr3+ (75.0 pm) and Ni2+ (83.0 pm). It has been noted that the smaller the ionic diameter, the higher the adsorption rate (Li et al., 2022; Raji et al., 2024). This means that Al (III) ion which has the smallest ionic diameter will have the highest amount adsorbed and Ni (II) ion with the highest ionic diameter will have the least amount adsorbed. This is in agreement with the results of this study. Therefore, we can put the trend of sorption as Al (III) > Cr (VI) > Ni (II). 
	Also, the trend of sorption could be explained based on the trend of hydration energies of the metal ions (∆Hhyd). This is given as -4660 KJ/mol for Al3+, -4402 KJ/mol for Cr3+ and -2106 KJ/mol for Ni2+ (Fan et al., 2021; Long et al., 2023; Lee et al., 2025). Again, the trend of hydration energies confirms the trend of sorption of the metal ions on cocoa pod husk. Let the hydrolysis reaction of the metal ions be represented by the equation below: 

The above equation is an overall equation for a reaction that essentially takes place in two steps which may be given as: 


Where, n is 2 for Ni, 3 for Al and 6 for Cr. This means that in aqueous solutions before adsorption takes place, these reactions will occur. Therefore, the heavy metal that becomes more hydrolyzed will be the least adsorbed. Going by the hydration enthalpies of the metal ions given above, we expect and rightly too, that Ni2+ will be hydrolyzed more than Cr6+ and then Al3+, hence Al3+ is the more adsorbed followed by Cr6+ and then by Ni2+. 

Adsorption Isotherm 
	 Equilibrium adsorption isotherm is fundamentally important in the design of adsorption systems. Equilibrium studies in adsorption give the capacity of the sorbent. It is described by adsorption isotherm characterized by certain constants whose values express the surface properties and affinity of the adsorbent. Equilibrium relationships between adsorbent and adsorbate are described by adsorption isotherms, usually the ratio between the quantity adsorbed and that remaining in the solution at a fixed temperature at equilibrium (Abiodun et al., 2023). Therefore, in order to investigate the adsorption isotherm, the experimental results were fitted to six isotherms, which includes Langmuir (Guo and Wang, 2019) (Eq. 9), Freundlich (Al-Ghouti and Da'ana, 2020) (Eq. 10), Dubunin-Radushkevich (Wang and Guo, 2020) (Eq. 11), Temkin (Eq. 12) Harkins and Jura (H-J) (Eq. 13), and Flory-Huggins (F-H) (Eq. 14), (Hu et al., 2023) isotherms. 

Langmuir isotherm 
	The Langmuir adsorption isotherm is one of the earliest isotherms to be used to model many pollutant sorption processes. It represents the equilibrium distribution of metal ions between the solid and liquid phases. The Langmuir isotherm is based on the following assumptions:
· Metal ions are chemically adsorbed at a fixed number of well-defined sites, 
· Each site can hold one ion, that is monolayer coverage,
· All sites are energetically equivalent, and
· There is no interaction between the ions (Raji et al., 2023; Waqar et al., 2023)
When the initial metal concentration rises, adsorption increases while the binding sites are not saturated. The linearized Langmuir isotherm allows the calculation of adsorption capacities and the Langmuir constant and it is given as:				            (9)
The linear plots of Ce/qe against Ce are shown in Figure 6. 
[image: ]

Freundlich isotherm
	The Freundlich isotherm is an empirical equation after Freundlich (1906) (Hu et al., 2023). It was chosen to estimate the adsorption intensity and the linear form is given by Eq. (10):
				(10)
Where; KF is the Freundlich isotherm constant; n is Freundlich exponent; Ce is equilibrium liquid phase concentration; qe is equilibrium solid phase concentration. The plots of log qe against log Ce for the sorption process is shown on Figure 7. 
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Dubinin-Radushkevich isotherm
	This isotherm was chosen to estimate the characteristic porosity of the biomass and the apparent energy of adsorption. The linear form of the equation is given as (Wang and Guo, 2020):
   			(11)
Which is the same as:
  	  (12)
Where; ; is defined as the Polanyi potential; β is related to the free energy of sorption per mole of the adsorbate as it migrates to the surface of the adsorbent from infinite distance in the solution; qm is the Dubinin-Radushkevich isotherm constant related to the degree of sorbate sorption by the sorbent surface. The plots of ln qe against [RT ln (1+1/Ce]2 (ε2) is shown in Figure 8.
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The values of qm and β, calculated from the intercepts and slopes of the plots respectively were used to calculate the apparent energy of adsorption (E) from the Dubinin-Radushkevich isotherm, using equation (13) below; 
 E= 1/ (2β) ½                                                              (13)
Temkin isotherm
	The Temkin isotherm assumes that the fall in the heat of adsorption is linear rather than logarithmic as implied by the Freundlich equation. The linearized Temkin equation is given as (Hu et al., 2023):
				(14) 
Where; B = (RT/b); qe (mg/g) and Ce (mg/L) are the amount adsorbed at equilibrium and the equilibrium effluent concentration respectively. Also, T is the absolute temperature (K) and R is the universal gas constant. The constant b is related to the heat of adsorption. The plot of qe versus ln Ce for the Temkin isotherm is shown in Figure 9.
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Harkins and Jura (H-J) isotherm
	Another isotherm that was used in analysis of the experimental results is the Harkins and Jura (H-J) isotherm. The H-J isotherm accounts for multilayer adsorption and can be explained based on the existence of a heterogeneous pore distribution (Hu et al., 2023). The linear equation is given as:
     			(15)    
The plot of 1/qe2 versus log Ce for the H-J isotherm is shown in Figure 10. 
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	The constants for all the isotherms employed were evaluated and are shown on Table 2. The Langmuir constants qmax and KL values for Al (III) are all negative. The values of KL are greater for Cr (VI) ion than Ni (II) ion. The Freundlich isotherm constant (KF) and exponent (n) were calculated from the intercept and slopes of the plots respectively, and are shown in Table 2. It could be seen from the isotherm model results, that Al (III) ion which was adsorbed more, had n values less than unity while Cr (VI) and Ni (II) had n values greater than unity. The n values between 1 and 10 shows easy separation beneficial adsorption. Oloo et al., (2024), obtained n values ranging from 1 to 4. Also, the magnitude of KF and n shows easy separation of metal ions from wastewater and high adsorption capacity. The value of n, which is related to the distribution of bonded ions on the sorbent surface (Li et al., 2022), was found to be greater than unity for Cr (VI) and Ni (II) ions indicating that their adsorption was favourable. Again, the higher the KF value, the higher the adsorption intensity. 
	Also shown on the same Table 2 is the sorption capacity (qm) from the Dubinin-Radushkevich isotherm. The higher the value of qm, the higher the sorption capacity. The experimentally derived (qm) values for Al(III) was higher than those of Ni(II) and Cr(VI), indicating a higher sorption capacity and suggesting that the sorbent has a more favorable coordination or affinity toward Al(III) species under the operational conditions. Again, shown on Table 2 is the apparent energy of adsorption (E) from the Dubinin-Radushkevich isotherm. The corresponding apparent adsorption energies are extraordinarily large (ranging from ~250 to ~500 kJ mol⁻¹), far above conventional thresholds commonly used to distinguish physisorption or simple ion exchange (e.g. < 8 kJ mol⁻¹ for physisorption, 8–16 kJ mol⁻¹ for ion exchange, > 40 kJ mol⁻¹ for chemisorption) (Aziam et al., 2024; Youssif et al., 2024). According to such a scheme, the results of this study fall into the chemisorption regime. However, given that these magnitudes approach or exceed typical energies of strong chemical bonds, it is sensible to interpret them as apparent values reflecting contributions from more complex interactions; such as surface complexation, ligand exchange, or structural reorganization; rather than purely classic chemisorption (Youssif et al., 2024). Therefore, this date strongly suggests that that adsorption steps are not governed by weak van der Waals forces. The use of D-R isotherm to model sorption of metal ions using different adsorbents has been reported (Aziam et al., 2024; Youssif et al., 2024).
	From the plots of the Temkin and the H-J isotherms, the isotherm constants were calculated from the slopes and intercepts of linear regression line of the plots. The values of the various isotherm constants for the two isotherms are also shown on Table 2. The values of A, the sorption capacity obtained from the Temkin isotherm were higher than those obtained from the H-J isotherm. Also, the values of B were higher for the Temkin isotherm than the H-J isotherm. It has been reported that the Temkin and H-J isotherm are suitable for multilayer adsorption. Especially, the fitting of these equations can be seen in heterogeneous solids. These isotherms have been used to model sorption experimental data (Garbalińska et al., 2021; Rajahmundry et al., 2021; Magdy et al., 2024; Suwannahong et al., 2024). The values of A, the sorption capacity obtained from the Temkin isotherm were higher than those obtained from the H-J isotherm. Also, the values of B were higher for the Temkin isotherm than the H-J isotherm. It has been reported that the Temkin and H-J isotherm are suitable for multilayer adsorption, especially; the fitting of these equations can be seen in heterogeneous solids. These isotherms have been used to model sorption experimental data (Garbalińska et al., 2021; Rajahmundry et al., 2021).
	The coefficients of determination (R2) for the six isotherms are also shown in Table 2. The R2 values from the Langmuir model for Al (III) ion are very poor; 0.2035 and 0.114 for 250 μm and 500 μm cocoa pod husk respectively. The R2 values for the Freundlich isotherm, are all above 94% except for Al(III) on particle size of 500 µm, which gave 81%, hence, this means that the Freundlich isotherm gave a good fit to the experimental adsorption data. The results of these isotherm models show that the Freundlich isotherm, gave the best fit to the sorption data, comparing favourable with the experimental plots. Many authors have found and reported Freundlich isotherm model as giving a best fit to sorption experimental data (Kowanga et al., 2016; Li et al., 2022). The Freundlich isotherm has been reported to be used to describe non-monolayer adsorption that occurs on the non-uniform surface of the adsorbent (Afroze et al., 2016; An et al., 2017). The coefficient of linear regression (R2) for all the isotherms and the isotherm constants were calculated from the slopes and intercepts of the linear plots and are shown in Table 2. The R2 values from Table 2 confirm that the Freundlich isotherm gave the best fit.  Therefore, the trend of fitness of the isotherm models was found as Freundlich> Temkin >Dubinin-Radushkevich (D-R) > Langmuir > Harkins-Jura (H-J) > Flurry-Huggins (F-H).

Table 2: Adsorption isotherm constants for Ni (II), Cr (VI) and Al (III) ions from aqueous solution using cocoa pod husk
	S/N
	Isotherm constants
	250 μm
	500 μm

	
	
	Ni (II)
	Cr (VI)
	Al (III)
	Ni (II)
	Cr (VI)
	Al (III)

	1



2



3




4



5



	Freundlich
KF (L g-1)
n
R2
Langmuir
qmax (mg/g)
KL
R2
D-R
β
qm
E (KJmol-1)
R2
Temkin
A
B
R2
H-J
A
B
R2
	
18.74
1.28
0.9925

1666.67
7.13x10-3
0.7260

6.0x10-6
433.50
288.68
0.7263

0.22
210.61
0.8560

4.35x10-3
1.86
0.6663
	
20.88
1.18
0.9916

2000.00
8.48x10-3
0.9052

4.0x10-6
442.17
353.55
0.6932

0.26
241.31
0.8857

4.27x10-3
1.69
0.6479
	
24.84
0.84
0.9453

-1666.67
-0.017
0.2035

4.0x10-6
709.32
353.55
0.9483

0.42
373.57
0.9366

3.52x10-3
1.19
0.4939
	
14.67
1.18
0.9980

2000.00
5.58x10-3
0.9773

8.0x10-6
417.72
250.00
0.6804

0.19
227.91
0.9075

4.01x10-3
1.85
0.6653
	
26.80
1.26
0.9913

2000.00
9.21x10-3
0.6491

2.0x10-6
419.35
500.00
0.6350

0.35
220.96
0.8484

4.42x10-3
1.65
0.7393
	
18.80
0.82
0.8164

-1000.00
-0.019
0.1140

5.0x10-6
691.25
316.23
0.9400

0.34
391.69
0.9598

3.25x10-3
1.23
0.5114





Surface Coverage (θ)
	The surface coverage was used to investigate the extent of coverage on the surface of the adsorbent by the adsorbate during adsorption studies. It is given by Equation (16). 
θ = (1 – Ce/Co)						(16)
The plot of surface coverage (θ) versus initial concentration (Co) is shown in Figure 11. 
[image: ]
Surface coverage was affected by initial concentration. At lower concentrations, the surface coverage was higher than at higher concentrations. This means that as the initial concentration was increased, the surface coverage decreases. This is because, as the initial concentration was increased, there will be available, more adsorbate molecules but less surface for the adsorption as most of the adsorbent surface would have been covered. Al (III) had higher values followed by Cr (VI) and the Ni (II). Also, for any particular metal, there was not much difference between the particle sizes of 250 µm and 500 µm. The concept of surface coverage (θ), defined as the fraction of adsorption sites or surface area occupied by adsorbate; has been widely repprted in adsorption studies of metal ions (Tehrani et al., 2021; Morrison et al., 2022; Piasecki and Lament, 2024).
	Generally, adsorption isotherm equations have been employed in the modeling of equilibrium adsorption data (Al-Ghouti and Da'ana, 2020; Alacabey, 2022; Murtala et al., 2022; Harabi et al., 2024; Sunartaty, et al., 2024). The non-linear equations of these isotherms as shown below, were used to model the equilibrium data to confirm the isotherm that best fits the data and predict the variation of amount adsorbed and amount remaining in solution.

STATISTICAL ANALYSIS
	Furthermore, to investigate the significance of the various isotherms used in the sorption studies, the heavy metals were taken as objects or blocks and R2 values for the isotherms as variables or treatments (Suwannahong et al., 2024). A two-way analysis of variance (ANOVA) without replication at the 5% level of significance was used to describe the relationships (1) between the five isotherms in describing the adsorption of the three metal ions on the biomass and the three metal ions on the biomass and (2) between the three metal ions for binding sites on the biomass; for both 250 μm and 500 μm particle sizes. The results are shown in Table 3. 

Table 3: Two-way analysis of variance (ANOVA) without replication at p < 0.05 for Ni (II), Cr (VI) and Al (III) ions from aqueous solution using cocoa pod husk
	Source of variation
	df
	ss
	ms
	Fcal
	FTab

	250 μm

	Isotherm models
Metal ions
Error
	4
2
8
	0.27864627
0.091157209
0.308288393
	0.069661567
0.045578604
0.038536049
	1.808
1.183
	3.11
3.74

	Total
	14
	0.678091872
	
	
	

	500 μm

	Isotherm models
Metal ions
Error
	4
2
8
	0.29674795
0.145509081
0.342878786
	0.074186987
0.07275454
0.042857848
	1.731
1.700
	3.11
3.74

	Total
	14
	0.785135817
	
	
	



	The data from Table 3 shows that there is no significant difference in the fitness of the various isotherms to the sorption studies for both 250 μm and 500 μm particle sizes. Also, from Table 3, it could be seen that there is no significant difference in the sorption affinity of the metal ions onto the two particle sizes of the adsorbent. Therefore, in as much as one can say that the isotherms are appropriate in their own merits in describing the potential of cocoa pod husk for removal of Al (III), Cr (VI) and Ni (II) ions, we can also conclude from the R2 values that the fitness of the isotherms could be given as Freundlich > Temkin> D-R > Langmuir > H-J > F-H isotherms, and that the differences in the isotherm performance were not significant.  

CONCLUSION 
	Cocoa pod husk is an agricultural by-product, a waste in the processing of cocoa fruit. In this study, it has been found to be a good adsorbent for the removal of Al (III), Cr (VI) and Ni (II) ions from aqueous solutions. It was found out that the adsorption capacity of this adsorbent for these metal ions were very high. Among the five adsorption isotherms tested, and according to the average R2 values, Freundlich isotherm gave the best fit, followed by the Temkin isotherm, followed by the D-R isotherm, followed by the Langmuir isotherm, followed by H-J isotherm and then the F-H isotherm. The ability to recover the metal ions from the loaded adsorbent, hence regenerating the adsorbent is another important aspect of this research that is to be investigated. This will help to reduce the discharge of the metal loaded adsorbent into the environment and also, maximize the process efficiency and minimize the cost of the remediation process. Also the use of these adsorbents can be extended to other heavy metals not studied here. 
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Figure 2: Amount adsorbed (mg/g) against particle size for adsorption of
Cr(VI), Ni(l1) and Al{111)ions from aqueous solution using cocoa pod husk.




image9.png
Amount adsorbed (mg/g)

1200.0 o—Nitl)
——Cr(V)

1000.0 —e—Al(I)
800.0

600.0
400.0

200.0

=4
)

0 5 10 15 20
Weight (g)
Figure 3: Amount adsorbed (mg/g) against weight (g) for adsorption of Cr(V1),

and Al(lll) ions from aqueous solution using cocoa pod husk.
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Figure 6: Langmuir isotherm for adsorption of Cr(VI), Ni(il) and AI(lll) ions

from aqueous solution using cocoa pod husk.
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Figure 7: Freundlich isotherm for adsorption of Cr{V1), Ni(ll) and AI{il1)

ions from aqueous solution using cocoa pod husk.
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Figure 8: Dubinin-Radushkevich (D-R) isotherm for adsorption of Cr(V1),
Ni(11) and AI{Ill) ions from agueous solution using cocoa pod husk.
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Figure 9: Temkin isotherm for adsorption of Cr{V1), Ni(ll) and AI(lll) ions

from aqueous solution using cocoa pod husk.
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Figure 10: Harkins-Jura (H-J) isotherm for adsorption of Cr(VI), Ni(ll) and

AI(iI1) ions from aqueous solution using cocoa pod husk.




image27.png
=4
o
*

=4
o
IS

Surface coverage ()
o
o 8

=4
%
®

=4
®
-

0.84

—e—Ni(11) 250 um
—e—Cr(VI)250pum
—e—AI(II1) 250 um
—&—Ni(11) 500 um
—e—Cr(VI) 500 um
—e—AI(111) 500 um

0 200 400 600 800

1000 1200

Initial Concentration (mg/L)

Figure 11: Surface coverage (8) for adsorption of Cr(V1), Ni(ll) and Al{lll) ions

from aqueous solution using cocoa pod husk.




