


Comparative Biosorption of Hexavalent Chromium from Aqueous Solution Using Minimally Processed Nypa fruticans and Orange Peels: Towards A Sustainable Remediation



ABSTRACT
Chromium is a heavy metal with dual oxidation states; trivalent chromium [Cr(III)] and hexavalent chromium [Cr(VI)]. Hexavalent chromium is a highly toxic and mobile heavy metal pollutant that poses serious threats to ecosystems and human health. This study investigated the comparative biosorption efficiency of minimally processed Nypa fruticans and orange peel (in chunky and pulverized forms) for the removal of Cr(VI) from aqueous solutions. Nypa fruticans was harvested from a mangrove in Kono, Rivers State, while fresh orange peels were collected locally. Nypa fruticans foam was obtained from its petiole. The biosorbents were sun-dried, with orange peels prepared as chunky (≈0.2 cm) and pulverized (≤100 μm) forms. A stock Cr(VI) solution (2849.2 mg/L) was prepared from potassium dichromate and diluted to concentrations ranging from 284.92 to 1424.60 mg/L. Batch biosorption experiments were conducted using 2g of each biosorbent in 100mL solution, agitated at 150 rpm for 30 minutes, followed by filtration and analysis using Atomic Absorption Spectrophotometry (AAS). All three biosorbents achieved exceptionally high Cr(VI) removal efficiencies ranging from 99.66% to 99.995%. Orange peel (both chunky and pulverized forms) slightly outperformed nipa foam, with residual Cr concentrations in all cases approaching or meeting the EPA (0.1 mg/L) and WHO (0.05 mg/L) drinking water guidelines for total chromium. The chunky form of orange peel performed more compared to the pulverized form, indicating its practical advantage for low-cost applications. The results demonstrated that locally available, minimally processed agricultural and invasive plant wastes are highly effective eco-friendly biosorbents for Cr(VI) remediation. This approach supports circular economy principles, valorizes invasive Nypa fruticans and agricultural wastes offering a sustainable, affordable solution for chromium contaminated water treatment in the Niger Delta. Further optimization and real wastewater testing are recommended.
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1.0 INTRODUCTION 
Heavy metals are often considered a class of naturally occurring metallic elements with high atomic weights and densities, at least five times greater than water (Jadaa and Mohammed, 2023; Ali et al., 2019). Chromium is a heavy metal and stands out due to its dual oxidation states; trivalent chromium [Cr(III)] and hexavalent chromium [Cr(VI)] (Monga et al., 2022). The hexavalent form shows the hazardous traits with high mobility and carcinogenicity, while trivalent chromium is less toxic yet still requires regulation (Hossini et al., 2022; Genchi et al., 2021; Shin et al., 2023; Alvarez et al., 2021; Sharma et al., 2021). Naturally, chromium enters the environment through the weathering of chromite ores and volcanic eruptions (Losi et al., 1994; Coetzee et al., 2018). It occurs naturally in soil predominantly as insoluble Cr(III) but geochemical and microbial processes oxidize it to the soluble Cr(VI) (Tumolo et al., 2020; Coetzee et al., 2018; Losi et al., 1994). In the air, it appears as particulate matter but anthropogenic activities like industrial waste, leather tanning and steel production have drastically elevated its levels, particularly the toxic Cr(VI) in water and air (Tumolo et al., 2020; Ukhurebor et al., 2020).

Biologically, Cr(III) is an essential nutrient for humans (though contested), enhancing insulin sensitivity, supports carbohydrate and lipid metabolism (Monga et al., 2022; Alvarez et al., 2021). Conversely, Cr(VI) holds no biological benefit but causes oxidative stress and DNA damage (Hossini et al., 2022; Shin et al., 2023). Because of its effects, it has strict regulatory standards. The EPA sets a total chromium drinking water limit of 0.1 mg/L (EPA, n.d.; Madala and Shah, 2026). WHO’s provisional guideline for total chromium remains at 50 µg/L (Georgaki et al., 2023). In soil, thresholds vary, but 150 mg/kg is a common reference in China (Xu et al., 2022). Human urine levels above 0.1 µg/L normally indicate exposure (ATSDR, 2012).

The documentation of the environmental and health challenges linked to chromium began in the 1990s (Losi et al., 1994). Early 2020s research sharpened the focus on chromium’s dual character: Cr(III) and the toxic Cr(VI) whose greater reactivity drives most environmental harm (Monga et al., 2022; Genchi et al., 2021; Alvarez et al., 2021). Soil contamination has emerged as a dominant threat to agriculture with chromium toxicity manifesting through disrupted microbial communities and reduced enzymatic activity, directly impairing soil health and fertility (Haider et al., 2025). Crops grown in contaminated soils exhibit stunted growth, chlorosis and reduced yields, with chromium accumulating in edible plant parts (Zulfiqar et al., 2023; Rashid et al., 2023).The bioaccumulation of chromium becomes alarming as it moves upward through the food chain (Kapoor et al., 2022). Chromium contamination renders water unsafe for both human consumption and aquatic life (Tumolo et al., 2020). Aquatic organisms suffer oxidative stress, gill damage, behavioural changes and disrupted food-web dynamics; freshwater fishes display altered hematological parameters, tissue damage and reduced reproductive success  (Bakshi and Panigrahi, 2018; Ao et al., 2025; Hossain et al., 2024). For humans, the consequences are more dire. Exposure to chromium through ingestion, inhalation or contact has been linked to lung cancer, skin ulcers, kidney damage and DNA damage (Shin et al., 2023; Hossini et al., 2022; Alvarez et al., 2021). Occupational exposure remains particularly hazardous, with workplace air standards set to protect workers from respiratory cancers (NCBI, n.d).

The awareness of the risks associated with chromium has stimulated steady advances in its removal. Traditional methods include adsorption, ion exchange and chemical precipitation (Jadaa and Mohammed, 2023). Bioremediation quickly gained attention as microbes can reduce toxic Cr(VI) to less soluble Cr(III) offering an eco-friendly and cost-effective pathway (Sharma et al., 2022; Paul et al., 2024; Yan et al., 2023; Sharma et al., 2021). With increase in research, material innovations have markedly improved performance. Modified biochars derived from agricultural waste effectively adsorb chromium from aqueous solutions (Janiszewska et al., 2021; Murtaza et al., 2023). Forward osmosis and electrocoagulation systems have also demonstrated efficient removal capabilities (Hashemi et al., 2025; El-Sadaawy et al., 2025). Cost-effective biosorbents have all presented viable options for developing nations (Al-Essa et al., 2026; Gebretsadkan et al., 2026).

Conventional remediation methods for hexavalent chromium [Cr(VI)] are costly and pose challenges in resource-limited settings like Nigeria’s Niger Delta. In this region, industrial effluents and oil activities have elevated chromium levels in water and sediments, threatening public health and ecosystems. This situation underscores an urgent demand for sustainable, low-cost and eco-friendly alternatives. Nypa fruticans, an invasive species displacing native mangroves in Rivers State, offers abundant low-cost biomass, while orange peels represent readily available agricultural waste. Although previous works have demonstrated their individual potential, very few comparative evaluations exist and virtually none have examined the practical effects of the physical form of orange peels—chunky versus pulverized—on adsorption. This research focuses on these and also uses minimally processed forms for eco-friendly Cr(VI) removal, supporting circular economy principles, with an additional invasive species management, mangrove restoration efforts, reduction in waste disposal burdens to the sustainably affordable water-treatment in the region. Successful removal of chromium represents not merely a technical achievement but also a fundamental public health imperative.



2.0 METHODS
2.1 Sample Collection
A mature Nypa fruticans (nipa palm) frond was harvested from a mangrove forest in Kono, Khana local government area of Rivers State. At the point of harvest, 0.5 meters of the brownish-purple petiole was cut out and taken to the chemistry laboratory of Kenule Beeson Saro-Wiwa polytechnic for preparation and analysis.
Fresh orange peels were obtained from fruit vendors in Bori and transported to the same laboratory for the same purpose.

2.2 Sample Preparation
In the laboratory, the nipa palm petiole was cut into sections and washed thoroughly with running tap water and distilled water. After washing, the epidermis and part of the hypodermis was removed to expose the “cork or foam-like” material. This Nypa fruticans petiole foam (hereafter nipa foam) consists primarily of aerenchyma and corticular parenchyma tissues. The obtained nipa foam was sun dried for three days.
Orange peels were also thoroughly washed to remove any sand and dirt. The washed orange peels were subsequently sun dried for three days.

Dried nipa foams were cut into sections and stored in an airtight container for subsequent analysis. Dried orange peels were divided into two parts; one part was chopped into smaller chunks (0.2cm). The other part was pulverised using a mortar and 
pestle and subsequently sieved through a 100μm mesh sieve. Both pulverised and chunk orange peels were stored in airtight containers for subsequent analysis.

2.3 Preparation of Stock Solution
A stock solution was prepared by dissolving 4.03g of potassium dichromate, K2Cr2O7, that has hexavalent chromium in a 500ml volumetric flask and the volume made up to the mark with distilled water. Dilutions were thereafter prepared by measuring 10ml to 50ml of the stock solution into respective 100ml volumetric flasks (15 in total; 3 for 10ml, 3 for 20ml, 3 for 30ml, 3 for 40ml & 3 for 50ml) and the volume made up to the mark with distilled water. These were later transferred to 500ml conical flask.

2.3.1 Chromium Concentration in Stock Solution to mg/L

a. Molar mass of K2Cr2O7 = 294.2g/mol
b. Mass of chromium in 4.03g of K2Cr2O7; 4.03 x (104 ÷ 294.2) = 1.4246g. To milligrammes, 1424.6mg.
c. Chromium Concentration in mg/L 1424.6 ÷ 0.5 = 2849.2mg/L

2.3.2 Chromium Concentration in the Dilutions
Chromium concentration in the stock solution is the same as in the volumes (10ml to 50ml) taken from the stock. Using C1V1 = C2V2, the concentration of chromium to the made up 100ml are presented in table 1


Table 1: Chromium Concentration in Volumes Taken from Stock and Final Volumes
	S/No.
	Volume Taken from Stock Solution (ml)
	Cr Conc. In Volumes Taken from Stock Solution (mg/L) 
	Cr Conc. In Final Volume (100ml) (mg/L)

	1.
	10
	2849.2
	284.92

	2.
	20
	2849.2
	569.84

	3.
	30
	2849.2
	854.76

	4.
	40
	2849.2
	1139.68

	5.
	50
	2849.2
	1424.6



2.4 Biosorption Experiment
Two grams of the prepared pulverised orange peels, chunk orange peels and nipa foam was weighed into each of the 100ml test solutions (10ml to 50ml for each absorbent) and covered with aluminium foil. There was no adjustment of pH but the natural pH of the solution was what the study used. Each mixture was subsequently placed on a rotary orbital shaker and agitated for 30 minutes at 150 rpm. After the agitation, they were filtered with Whatman no 1 filter paper into sample bottles. From the filtrate, without digestion or dilution, the concentration of chromium in each test solution was analyzed in triplicates using the Atomic Absorption Spectrophotometer.

3.0 RESULTS AND DISCUSSION
3.1 RESULTS
The results of the biosorption experiments using minimally processed nipa foam, chunky orange peel and pulverized orange peel are presented in Tables 2–4.

Table 2: Biosorption performance of Nipa Foam
	S/No.
	Volume Taken from Stock Solution (ml)
	Initial Cr Conc. In Volumes Taken from Stock Solution (mg/L) 
	Cr Conc. In Final Volume (100ml) (mg/L)
	Residual Cr Conc. After Treatment (mg/L)
	Cr Conc. Removed (mg/L)
	% Reduction 

	1.
	10
	2849.2
	284.92
	0.98 ± 0.77
	283.96
	99.663

	2.
	20
	2849.2
	569.84
	1.24 ± 0.75
	568.6
	99.782

	3.
	30
	2849.2
	854.76
	1.20 ± 0.74
	853.52
	99.858

	4.
	40
	2849.2
	1139.68
	1.14 ± 0.80
	1133.54
	99.899

	5.
	50
	2849.2
	1424.6
	0.77 ± 0.75
	1423.83
	99.946


Table 3: Biosorption performance of Chunky Orange Peels
	S/No.
	Volume Taken from Stock Solution (ml)
	Initial Cr Conc. In Volumes Taken from Stock Solution (mg/L) 
	Cr Conc. In Final Volume (100ml) (mg/L)
	Residual Cr Conc. After Treatment (mg/L)
	Cr Conc. Removed (mg/L)
	% Reduction 

	1.
	10
	2849.2
	284.92
	0.425 ± 0.035
	284.495
	99.851

	2.
	20
	2849.2
	569.84
	0.343 ± 0.012
	569.495
	99.939

	3.
	30
	2849.2
	854.76
	0.225 ± 0.005
	854.535
	99.974

	4.
	40
	2849.2
	1139.68
	0.06 ± 0.00
	1134.62
	99.995

	5.
	50
	2849.2
	1424.6
	0.075 ± 0.005
	1424.525
	99.995



Table 4: Biosorption performance of Pulverised Orange Peel 
	S/No.
	Volume Taken from Stock Solution (ml)
	Initial Cr Conc. In Volumes Taken from Stock Solution (mg/L) 
	Cr Conc. In Final Volume (100ml) (mg/L)
	Residual Cr Conc. After Treatment (mg/L)
	Cr Conc. Removed (mg/L)
	% Reduction 

	1.
	10
	2849.2
	284.92
	0.46 ± 0.01
	284.46
	99.839

	2.
	20
	2849.2
	569.84
	0.415 ± 0.015
	569.425
	99.927

	3.
	30
	2849.2
	854.76
	0.27 ± 0.01
	854.49
	99.968

	4.
	40
	2849.2
	1139.68
	0.12 ± 0.03
	1134.56
	99.989

	5.
	50
	2849.2
	1424.6
	0.08 ± 0.00
	1424.52
	99.994



The results presented showed that all three biosorbents achieved very high Cr(VI) removal efficiencies (99.66–99.995 %) across the initial concentration range of 284.92–1424.60 mg/L using only 2g biosorbent per 100 mL and 30 minutes contact time. The residual concentrations were reduced to 1.24 mg/L and below with many values approaching or meeting the EPA total chromium limit of 0.1 mg/L (EPA, n.d.; Madala and Shah, 2026) and nearing the WHO provisional guideline of 0.05 mg/L (Georgaki et al., 2023).

The comparative biosorption performance of the three different biosorbents is presented in table 5 and figure 1

Table 5 Comparative Biosorption Performance of the Biosorbents 
	S/No.
	Volume Taken from Stock Solution (ml)
	Initial Cr Conc. In Volumes Taken from Stock Solution (mg/L) 
	Cr Conc. In Final Volume (100ml) (mg/L)
	Cr Conc. Removed (mg/L) by Nipa Foam
	Cr Conc. Removed (mg/L) by Pulverised Orange Peel
	Cr Conc. Removed (mg/L) by Chunk Orange Peels

	1.
	10
	2849.2
	284.92
	283.96
	284.46
	284.495

	2.
	20
	2849.2
	569.84
	568.6
	569.425
	569.495

	3.
	30
	2849.2
	854.76
	853.52
	854.49
	854.535

	4.
	40
	2849.2
	1139.68
	1133.54
	1134.56
	1134.62

	5.
	50
	2849.2
	1424.6
	1423.83
	1424.52
	1424.525



Figure .1 % Removal of Cr by Biosorbents

Table 5 and figure 1 clearly showed that orange peel (both chunky and pulverized) slightly outperformed nipa foam at every concentration. The difference between chunky and pulverized orange peel though small, indicated that the chunky form is practically viable. This supports several literature showing that particle size affects kinetics and surface availability but does not always drastically alter equilibrium removal when functional groups are abundant (Pertile et al., 2021; Khalfaoui et al., 2024).

3.2 Discussion 
The excellent results of this study align with previous findings on agricultural wastes as effective, low-cost Cr(VI) biosorbents (Ukhurebor et al., 2020; Sharma et al., 2021; Murtaza et al., 2023). The high efficiency of the biosorbents may be attributed to electrostatic attraction of anionic Cr(VI) species (HCrO₄⁻, Cr₂O₇²⁻) to protonated surface functional groups and partial reduction to Cr(III) (Coetzee et al., 2018; Sharma et al., 2022; Yan et al., 2023). Orange peel’s pectin and cellulose content may have likely contributed to its superior performance (Janiszewska et al., 2021; Khalfaoui et al., 2024).

The performance of nipa foam in this study is consistent with earlier reports of this invasive species as a potential adsorbent for heavy metals, including Cr(VI) (maximum capacity ~76.92 mg/g in prior studies). Valorizing the foam will help address its invasive impact on Niger Delta mangroves while providing a zero-cost local resource.

From an environmental and public health perspective, the ability of these biosorbents to reduce Cr(VI) to near-regulatory levels mitigates risks of oxidative stress, DNA damage, carcinogenicity and bioaccumulation (Hossini et al., 2022; Shin et al., 2023; Kapoor et al., 2022; Ao et al., 2025). In the Niger Delta where industrial and oil-related effluents elevate chromium levels, this is very relevant (Tumolo et al., 2020; Prasad et al., 2021).

4.0 Conclusion
This study successfully demonstrated the high efficiency of minimally processed nipa foam and orange peel (chunky and pulverized forms) as low-cost biosorbents for the removal of hexavalent chromium [Cr(VI)] from aqueous solutions. Under the experimental conditions of 2g biosorbent per 100 mL, 30 min contact time at 150 rpm, all biosorbents achieved remarkable removal efficiencies from 99.66%, even at high initial concentrations of 284.92 mg/L up to 1424.60 mg/L. Residual chromium levels were consistently reduced to values close to or below regulatory limits set by the EPA (0.1 mg/L) and WHO (0.05 mg/L).

Orange peel exhibited slightly superior biosorption performance compared to nipa foam, while the difference between chunky and pulverized orange peel was minimal. The finding highlights that the less energy-intensive chunky form remains highly viable, enhancing the practicality and cost-effectiveness of the method. By utilizing Nypa fruticans and abundant orange peel waste, this research provides a dual environmental benefit: efficient Cr(VI) remediation and valorization of local wastes. This approach aligns with sustainable development goals and addresses the urgent need for affordable remediation technologies in Nigeria’s Niger Delta, where industrial effluents continue to elevate chromium levels.

It is recommended that future work should include and focus on:
1. Optimization of process parameters.
2. Kinetic and isotherm modelling.
3. Regeneration studies.
4. Application to real industrial wastewater to enhance scalability and field applicability.
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