
 

 

Malays. J. Anal. Sci. Volume 29 Number 1 (2025): 1292 

1 
 

 
 

Research Article 

 

Preparation and characterization of modified rambutan peels for the removal of 

chromium(VI) and nickel(II) from aqueous solution: Environmental impact and 

optimization  
 

Northaqifah Hasna Mohamed Khir1,2, Nur Fatien Muhamad Salleh1*, Noraini Abdul Ghafar1, Nurasmat Mohd 

Shukri1, and Rohayu Jusoh3 
 
1School of Health Sciences, Universiti Sains Malaysia, Health Campus, 16150 Kubang Kerian, Kelantan, Malaysia 
2Faculty of Applied Sciences, Universiti Teknologi MARA, Terengganu Branch, Bukit Besi Campus, 23200 Dungun, 

Terengganu, Malaysia 
3Faculty of Chemical and Process Engineering Technology, Universiti Malaysia Pahang Al-Sultan Abdullah, Lebuh 

Persiaran Tun Khalil Yaakob, Gambang, Kuantan 26300, Pahang, Malaysia 

 
*Corresponding author: nurfatiensalleh@usm.my 

 

Received: 29 August 2024; Revised: 19 November 2024; Accepted: 3 December 2024; Published: 10 February 2025  

 

Abstract 

Recently, environmental remediation has focused on using cheap biosorbents to get rid of heavy metals. Agricultural wastes 

like rambutan peels are gaining more attention because they contain cellulose and hemicellulose and metal-binding 

capabilities. The natural presence of functional groups like hydroxyl (-OH) and methylene (-CH₂) in these peels facilitates 

metal biosorption, which can be further enhanced by acid treatment. This study evaluates the effectiveness of raw rambutan 

peels (RRP) and acid-treated rambutan peels (ATRP) in removing nickel (Ni(II)) and chromium (Cr(VI)) from aqueous 

solutions under varying conditions of contact time (30-150 minutes), pH (3-11), adsorbent dosage (0.5-4 g) and initial metal 

concentration (5-100 mg/L). Fourier-transform infrared (FTIR) analysis indicated an enhancement of O–H on the surface of 

ATRP following acid modification by stronger transmittance peaks at 3333.89 cm⁻¹, respectively. ATRP achieved 88.79% 

removal of Ni(II) with a 90-minute contact time at pH 7, and Cr(VI) at 70.11% with a 120-minute contact time at pH 5. 

Freundlich and Langmuir isotherm models were used to correlate sorption data. The result demonstrates that the Langmuir 

adsorption model fits best when compared to the Freundlich model with a coefficient of determination (R2)=0.9698 and 

adsorption capacity (qm) of 33.4448 mg/g for Cr(VI) and R2 = 0.9699 with qm of 416.6667 mg/g for Ni(II). Statistical 

analysis using the Mann-Whitney U Test confirmed significant differences in the biosorption efficiencies between RRP and 

ATRP in removing Cr(VI) (p = 0.009) and Ni(II) (p = 0.026), underscoring the superiority of the chemically modified 

biosorbent ATRP as a highly effective biosorbent for Cr(VI) and Ni(II) removal, offering a sustainable solution for 

environmental remediation. 
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Introduction 

Heavy metal contamination in aquatic environments 

remains a critical challenge for environmental 

management, particularly in industrially active 

regions. Industrial discharges, including 

electroplating, leather tanning, and textile industries, 

primarily introduce heavy metals such as Cr(VI) and 

Ni(II) into water bodies [1]. In Malaysia, river 

pollution has intensified as industrial and domestic 

waste discharges continue unabated, affecting 

regions like Kedah, Pulau Pinang, Selangor, Kuala 

Lumpur, Johor, and Sarawak by 2024 [2-4]. Due to 

their high toxicity, non-biodegradability, and 

propensity to bioaccumulate, these metals pose 

significant threats to ecological and human health. 

Chronic exposure to these metals has been linked to a 

range of adverse health effects, including 

carcinogenesis, mutagenesis, and various organ 

dysfunctions, thereby necessitating effective and 

sustainable remediation strategies [5-8]. Therefore, 

the wastewater system plays a crucial role for 

industries that mostly discharge toxic heavy metals, 

ensuring compliance with the United States 

Environmental Protection Agency (USEPA) and 
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World Health Organisation (WHO) regulations to 

safeguard human health. The USEPA and WHO have 

established a guideline value for nickel in drinking 

water at 0.1 mg/L and 0.07 mg/L, respectively. 

Meanwhile, they also have recommended guideline 

values for total chromium in drinking water, which 

are 0.1 mg/L and 0.05 mg/L, respectively [9-10]. 

  

Traditional methods for heavy metal removal, such 

as chemical precipitation, ion exchange, and 

membrane filtration, often involve high operational 

costs, generate secondary pollution, and are difficult 

to implement in large-scale or resource-constrained 

settings [11-13]. These challenges have catalysed a 

shift towards exploring alternative, environmentally 

sustainable materials for water treatment. 

Agricultural wastes, characterised by their 

abundance, biodegradability, and lignocellulosic 

composition, have emerged as promising candidates 

for biosorption, offering an economically viable and 

ecologically friendly option [13-15]. 

  

The application of agricultural waste in 

environmental remediation aligns with the United 

Nations Sustainable Development Goals (SDGs), 

which provide a global blueprint for addressing key 

challenges in sustainability, resource management, 

and environmental protection. Utilising agricultural 

waste for environmental remediation correlates with 

several SDGs, specifically SDG6 for clean water and 

sanitation, SDG12 for sustainable consumption and 

production, and SDG14 for life below water [16]. 

Prior studies have demonstrated the effectiveness of 

several agricultural wastes, specifically fruit peels 

such as banana peels, orange peels, pomegranate 

peels, potato peels, and coconut husks, in removing 

heavy metals from water-based solutions [17-29]. By 

transforming agricultural waste into efficient 

biosorbents for water purification, this approach 

addresses water purification, promotes a circular 

economy, mitigates environmental pollution, and 

repurposes waste into valuable resources that support 

the essential sustainability objectives [14,15,17,18]. 

  

This study utilised Nephelium lappaceum L., the 

primary rambutan species grown in Malaysia, which 

holds significant promise as a biosorbent. Malaysia’s 

rambutan production reached 52,096.89 metric 

tonnes, with 37,925.79 metric tonnes harvested in 

Peninsular Malaysia alone, as reported by the 

Department of Agriculture Malaysia in 2022 [30]. 

The peel of Nephelium lappaceum L. constitutes a 

substantial portion of the fruit’s mass, ranging from 

45.7% to 64.7% depending on cultivar and maturity 

[31, 32]. This translates to approximately 23,808 to 

33,707 metric tonnes of rambutan peel generated 

annually. Such quantities highlight its potential as an 

abundant and sustainable resource for biosorbent 

production while also addressing waste management 

challenges. Repurposing this agricultural waste 

aligns with SDG12, promoting resource efficiency 

and environmental sustainability. 

 

Despite their widespread availability, rambutan peels 

are notable for their rich chemical composition, 

characterised by high cellulose levels, hemicellulose, 

and lignin. These components provide a large surface 

area and abundant binding sites for heavy metal ions. 

Specifically, the presence of functional groups such 

as hydroxyl (-OH), methylene (-CH₂), and carboxyl 

(-COOH) within the peels is conducive to 

complexing with heavy metal ions, thus enhancing 

their potential for effective biosorption. The study’s 

environmental scope is further justified by the 

increasing emphasis on converting agricultural waste 

into valuable resources, thereby reducing 

environmental pollution and contributing to circular 

economy principles. However, the presence of lignin, 

which blocks the active sites, can limit the efficiency 

of these functional groups in their native state. Thus, 

chemical modification through acid treatment can 

expose more active sites, leading to an enhanced 

capacity for binding metal ions, thereby increasing 

the biosorption capacity [30-32]. 

  

This study aims to explore the efficacy of rambutan 

peel for Cr(VI) and Ni(II) removal from aqueous 

solutions, focusing on evaluating the impact of acid 

treatment on biosorption efficiency. The research 

objectives include determining the optimal 

operational parameters of contact time, pH, 

adsorbent dosage, and metal ion concentration to 

maximise removal efficiency. FTIR spectroscopy 

was also employed to identify and confirm functional 

groups critical for metal ion binding, providing 

molecular insights into the interaction between metal 

ions and the biosorbent surface. Comparative 

analysis of the biosorption capacities of RRP and 

ATRP was performed, and adsorption behaviour was 

further characterised using Langmuir and Freundlich 

isotherm models to elucidate adsorption mechanisms 

and equilibrium conditions. The Langmuir and 

Freundlich isotherm models were selected to 

describe the adsorption behaviour, presenting 

valuable insights into the adsorption mechanism and 

surface characteristics of ATRP. Statistical analyses 

were applied to validate the effectiveness of ATRP in 

terms of environmental sustainability.  

 

Materials and Methods 

Chemicals and instrumentation 

Nickel (II) chloride salt (NiCl2), chromium (VI) 

oxide salt (CrO3), sodium hydroxide (NaOH), and 

hydrochloric acid (HCl) were purchased from Merck. 

All reagents were of analytical grade purity and were 

used as received, while the pH of the solutions was 
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adjusted using 1M HCl and 1M NaOH. Laboratory-

made distilled water and deionised water were the 

solvents used. 

 

Serial dilution solutions for Cr(VI) and Ni(II) were 

prepared from an appropriate 1000 mg/L stock 

solution. All solutions were prepared using deionised 

water. For this study, Flame Atomic Absorption 

Spectrophotometry (FAAS) Perkin Elmer Analyst 

800 and FTIR Bruker Tensor 27 Spectrometer were 

used as the main instruments for the heavy metal's 

determination and chemical characterisation, 

respectively. Calibration curves were constructed 

from FAAS using absorbance values versus the 

analyte concentrations applied, with R2 = 0.995. 

Wavelengths used to identify targeted heavy metals 

were 357.87 nm for Cr and 232.0 nm for Ni. 

 

Preparation of biosorbents 

Rambutan peels were sourced from Kampung 

Lundang Paku in Kota Bharu, Kelantan, a region 

known for its agricultural abundance. The selection 

of rambutan peels was driven by their high 

availability as a waste product, which aligns with the 

study’s environmental goals of waste valorisation 

and resource efficiency. Rambutan peels were 

processed into two distinct forms: raw and acid-

treated. Figure 1 illustrates various stages in the 

preparation of rambutan peels as a biosorbent, 

showcasing the sequential steps involved in the 

washing, drying, grinding, sieving, and acid 

treatment of the raw peels.  

 

The preparation of RRP involved a modification 

method from Rinaldi et al. and Mohd Sidek et al. by 

thoroughly washing obtained rambutan peels with 

deionised water, dried in an oven for 24 hours at 

80oC [33-34]. Upon drying, the dried peels were then 

milled and sieved with a diameter of 250 µm to 300 

µm. The dried peels were then kept in an airtight 

container for further use. Figure 2 shows several 

preparation stages of the rambutan peels as a 

biosorbent, showing the raw form before washing, 

after oven drying, and after milling, before sieving to 

achieve a uniform particle size. 

 

The acid treatment involved immersing the 25 g of 

dried peels in 150 mL of 1M HCl solution with 

continuous stirring for 2 hours at 80oC, followed by 

neutralisation with NaOH. After the acid treatment, 

the mixture was then filtered, and the solid residue 

was washed several times with distilled water to 

remove any excess acid. The residue was then dried 

in an oven at 60°C and stored in airtight containers 

for further use.  

 

 
 

Figure 1. Preparation of biosorbents 

 

 

 
 

Figure 2. Stages of rambutan peels: (A) before washing, (B) after drying in the oven, and (C) after milling 
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Characterisation of biosorbents 

The chemical characterisation for both RRP and 

ATRP biosorbents was conducted on the FTIR using 

the KBr pellet method with a scan range of 400-4000 

cm-1. The FTIR spectra of both biosorbents were 

recorded and compared to identify changes in 

functional groups induced by acid treatment. 

 

Batch biosorption study 

Aqueous solutions of Cr(VI) and Ni(II) were 

prepared by dissolving their respective salts in 

deionised water, with concentrations adjusted 

through serial dilution. Batch biosorption 

experiments were systematically performed to 

evaluate the effects of varying contact times (30, 60, 

90, 120, and 150 minutes), pH levels (3, 5, 7, 9, and 

11), adsorbent dosage (0.5, 1, 2, 3, and 4 g) and 

metal ion concentration (5, 10, 25, 50, and 100 mg/L) 

on the removal efficiency of Cr(VI) and Ni(II) ions. 

1.0 g of RRP and ATRP were added in two different 

250-mL beakers containing 100 mL of a 10 mg/L 

Ni(II) ion solution. The solution was then stirred at 

30°C using a magnetic stirrer before being collected 

in falcon tubes. The steps were repeated using a 

Cr(VI) ion solution. The residual metal ion 

concentrations were quantified using FAAS. The 

biosorption process was evaluated through the 

Langmuir and Freundlich isotherms to determine the 

adsorption characteristics and identify the most 

suitable model for describing the adsorption 

equilibrium. 

 

Batch experiments were conducted at a controlled 

temperature of 30°C with a constant agitation speed 

of 150 rpm to ensure reproducibility, and the solution 

pH was adjusted using calibrated pH meters. For all 

the parameters, the process was replicated three 

times to get a sample size of N = 15 for each 

parameter. Blank experiments were conducted to 

ensure the accuracy and precision of the 

measurements. 

 

Data analysis 

The biosorption capacity, qe (mg/g), was calculated 

using the following Eq. 1 [33, 34]. 

 

          qe =  
Co− Ce

m
 ×  V                                     (Eq. 1) (1) 

  

 

where C0 and Ce are the initial and equilibrium 

concentrations (mg/L), m is the biosorbent weight 

(g), and V is the volume of the reaction system (L). 

 

Data were analysed using SPSS Statistics 26 and the 

Mann-Whitney U Test as a non-parametric statistical 

test to assess significant differences in biosorption 

capacities between Cr(VI) and Ni(II) under various 

conditions. 

 

Results and Discussion 

Characterisation: FTIR analysis 

The chemical characterisation of RRP and ATRP was 

analysed using FTIR, as illustrated in Figure 3. A 

comparative analysis of the spectra indicates that the 

ATRP exhibited much higher peak intensities 

compared to the RRP, indicating modifications in the 

lignin structure due to acid treatment. Lignin, a 

complex and highly cross-linked phenolic polymer, 

presents significant obstacles in biosorption due to its 

ability to block active sites on cellulose and 

hemicellulose, thereby limiting the availability of 

functional groups crucial for metal ion binding. The 

FTIR analysis focused on detecting key functional 

groups, including -OH, -COOH, and -CH₂, to 

observe structural changes post-treatment.  
 

 

 
Figure 3. FTIR spectra of rambutan peels before and after treatment with HCl 
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Figure 3 revealed significant structural changes post-

acid treatment, with a marked increase in the 

intensity of peaks corresponding to -OH and -CH2 

groups, highlighting the effects of lignin alterations. 

Studies have shown that acid treatment can 

effectively modify lignin structures and increase 

accessibility to functional groups essential for metal 

binding [29, 33-34]. Consistent with Hasanah et al., a 

similar broad peak was observed at 3333.89 cm⁻¹, 

corresponding to -OH stretching vibrations, and 

shows a marked increase in intensity in ATRP [35]. 

This enhancement suggests that the acid treatment 

has modified the lignin structure, exposing additional 

-OH groups from cellulose and hemicellulose that 

were previously shielded by lignin, thereby 

increasing potential binding sites for metal ions.  

 

Similarly, the peak at 2922.78 cm⁻¹, associated with -

CH₂ stretching in cellulose, appears more 

pronounced in ATRP, signifying the structural 

adjustments occurring in cellulose after acid 

treatment. The increased intensity of this peak after 

acid treatment suggests a higher degree of exposure 

to methylene groups, which are now more accessible 

due to the partial hydrolysis of surrounding matrix 

components. Although -CH₂ groups themselves do 

not directly bind metal ions, their exposure enhances 

the surface area and porosity of the material, thereby 

improving the accessibility of other functional 

groups such as -OH and -COOH, which can more 

effectively participate in metal ion binding. 

 

Notably, the intensified C=O peak at 1724.85 cm⁻¹ in 

ATRP indicates that acid treatment has enhanced the 

availability of -COOH groups within the modified 

lignin structures, which is essential for metal binding. 

The peak at 1617.57 cm⁻¹, attributed to aromatic 

C=C stretching within the lignin structure, was more 

pronounced after acid treatment. This suggests that 

the acid treatment has modified the lignin, likely by 

depolymerising its complex matrix and exposing 

more aromatic rings. The exposed aromatic rings 

facilitate π-cation interactions, a significant 

mechanism in the adsorption of metal ions as 

reported by Łojewska et al. [36]. Additionally, these 

aromatic structures, in conjunction with nearby OH 

or C=O groups, provide a synergistic effect that 

enhances the material's affinity for heavy metals by 

creating a multi-functional adsorption surface [36]. 

Additionally, the synergistic proximity of these 

aromatic structures with -OH and C=O groups 

contribute to a multifunctional adsorption surface, 

further enhancing biosorption capacity. The enhanced 

peaks in the fingerprint region, especially the C-O-C 

stretch at 1031.48 cm⁻¹, suggest improved exposure 

of polysaccharide groups, contributing to ATRP's 

superior metal-binding capacity [17-21, 33-35]. The 

observed prominent peaks, specifically -OH for 

ATRP compared to RRP, are consistent with similar 

findings in acid-treated agricultural biosorbents such 

as modified rice husk, which was reported by 

Bhatnagar et al. and Rai et al., where the acid 

treatment enhanced accessibility of functional groups 

critical for metal ion binding [17-21, 33-35]. These 

modifications create a more favourable environment 

for Cr(VI) and Ni(II) biosorption by increasing 

available binding sites. The structural modification 

underscores ATRP’s potential as an efficient, 

sustainable biosorbent for heavy metal remediation. 

 

Batch biosorption findings 

The optimal biosorption conditions indicated that the 

most effective adsorbent technique could efficiently 

remove heavy metals from the aqueous solution. The 

biosorption analysis of Cr(VI) and Ni(II) was 

conducted using the batch biosorption method under 

various parameters. The parameters involved are 

contact time (30, 60, 90, 120, and 150 minutes) and 

pH levels (3, 5, 7, 9, and 11), adsorbent dosage (0.5, 

1, 2, 3, and 4 g), and metal ion concentration (5, 10, 

25, 50, and 100 mg/L).  

 

Effect of contact time 

The contact time parameter plays a crucial role in the 

biosorption process and environmental analysis, as it 

directly impacts the efficiency of heavy metal 

removal from wastewater. The effect of contact time 

on the biosorption of Cr(VI) and Ni(II) by RRP and 

ATRP was investigated and illustrated in Figure 4 to 

determine the optimal duration required for 

maximum Cr(VI) and Ni(II) ion removal.  

 

As depicted in Figure 4, the initial Cr(VI) and Ni(II) 

ion biosorption rate using both RRP and ATRP was 

rapid within the first 30 minutes, indicative of the 

high availability of active sites on the adsorbent 

surfaces where a large number of binding sites are 

initially available, allowing for quick uptake of metal 

ions. 

  

In Figure 4(A), the percentage removal of Cr(VI) by 

RRP started at 25.93% within the first 30 minutes 

and gradually increased to 36.8% by 150 minutes, 

indicating a slower and less efficient biosorption 

process. ATRP, however, exhibited a much higher 

initial removal of Cr(VI) at 70.11% within the first 

30 minutes, peaking at 76.06% by 120 minutes, and 

then stabilising around 68-70%. This demonstrates 

the effectiveness of acid treatment in enhancing 

biosorption capacity, as it increases the availability of 

active sites by removing lignin and exposing more 

functional groups on the cellulose matrix. 
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Figure 4. Effect of contact time (30-150 min) on percentage removal of (A) Cr(VI) and (B) Ni(II) using 1.0 g 

ATRP biosorbents with 10 mg/L initial concentration at pH 7 

 

Similarly, Ni(II) biosorption followed a comparable 

trend as observed in Figure 4(B), with higher overall 

removal percentages compared to Cr(VI). The 

percentage removal of Ni(II) by RRP reached 53.2% 

within 30 minutes, gradually increasing to a peak 

value of 57.8% at 90 minutes, beyond which the 

biosorption rate plateaued, indicating that 

equilibrium had been achieved. In contrast, ATRP 

demonstrated a significantly higher biosorption 

capacity, with an initial removal of 81.16% at 30 

minutes, peaking at 88.79% by the 90-minute mark. 

The biosorption equilibrium for ATRP was 

maintained with slight fluctuations around 84.73% 

between 120 and 150 minutes. 

  

The rapid initial uptake, followed by equilibrium, 

indicates that a contact time of 120 minutes is 

optimal for Cr(VI) removal, while 90 minutes is 

sufficient for Ni(II) removal. Efficient management 

of contact time not only maximises the biosorption 

capacity but also enhances the overall performance 

of downstream processes in wastewater treatment, 

ensuring compliance with environmental regulations. 

Therefore, understanding and optimising contact 

time is essential for achieving effective and efficient 

biosorption in environmental applications [27-29]. 

  

The findings demonstrate that ATRP significantly 

outperforms RRP in the biosorption of both Cr(VI) 

and Ni(II), highlighting the effectiveness of acid 

treatment in optimising the biosorption process. The 

enhanced biosorption performance of ATRP 

compared to RRP can be attributed to the role of acid 

modification, which effectively disrupts lignin’s 

structure, thereby exposing more active sites for 

Cr(VI) and Ni(II) ion binding. This is a similar 

indication of successful chemical activation, which 

has successfully modified the lignin and released a  

 

 

more active surface of the cellulose for rambutan 

peels for efficient heavy metal sorption [33, 34]. 

Given the superior performance of ATRP, this study 

identifies ATRP as the more effective biosorbent for 

further pH optimisation rather than RRP.  

 

Effect of pH 

The pH of the solution is a critical parameter in the 

biosorption process, profoundly influencing the 

biosorption efficiency of heavy metals from aqueous 

solutions. As illustrated in Figure 5, the effect of pH 

on Cr(VI) and Ni(II) removal by ATRP was 

systematically evaluated, demonstrating that pH 

plays a pivotal role in determining the biosorption 

capacity of the biosorbent. 

 

For Cr(VI), the biosorption efficiency was 

maximised at pH 5, with 76.06% of Cr(VI) ions 

effectively removed from the solution, as shown in 

Figure 5. In aqueous solutions, Cr(VI) exists as 

negatively charged oxyanions, primarily as chromate 

(CrO4
2-) under alkaline conditions and dichromate 

(Cr2O7
2−) in acidic conditions. This negative charge 

allows Cr(VI) to interact with positively charged 

functional groups on the ATRP surface, such as 

protonated OH groups, facilitating effective 

biosorption through electrostatic attraction [36]. As 

the pH increases beyond 5, the biosorption efficiency 

declines, particularly at pH 11, where only 28.90% 

removal was observed. This reduction can be 

attributed to increased competition from hydroxide 

ions at higher pH levels, which inhibit Cr(VI) 

biosorption by occupying active sites on the 

adsorbent. Conversely, at pH 3, the removal 

efficiency was also lower with 54.6% removal, 

which may be due to the reduction of Cr(VI) to 

Cr(III) under highly acidic conditions, which has a 

lower affinity for ATRP [28, 29, 37]. 
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Figure 5. Effect of pH (3-11) on percentage removal of 10 mg/L initial concentration of Cr(VI) and Ni(II) using 

1.0 g ATRP biosorbent 

 

Meanwhile, the optimal pH for Ni(II) biosorption 

was found to be 7, removing 88.79% of Ni(II) ions, 

as illustrated in Figure 5. This indicates that at 

neutral pH, the functional groups on the ATRP are 

most effective in binding Ni(II) ions, likely due to the 

reduced competition from hydrogen ions (H+), which 

are more prevalent at lower pH levels. At pH 3, the 

biosorption efficiency decreased significantly to 

12.87%, highlighting the competitive inhibition by 

H+ ions, which reduces the availability of active sites 

for Ni(II) binding. At higher pH levels of pH 9 and 

11, the biosorption efficiency remained relatively 

high, though slightly diminished compared to pH 7. 

This reduction can be explained by the decreased 

solubility of Ni(II) at alkaline pH, which limits the 

number of free Ni(II) ions available for biosorption 

[24, 38, 39]. 

 

At alkaline conditions, the increase in turbidity of 

metal ions was observed, as shown in Figure 6, by 

the bulky appearance of the aqueous solution before 

adding the biosorbent. This turbidity suggests that 

metal ion precipitation occurs at higher pH values, 

indicating that biosorption results at these pH values 

should be interpreted with caution, as both 

precipitation and adsorption could contribute to the 

overall removal [15, 23, 29, 38]. 

 

Effect of adsorbent dosage 

Optimising dosage is crucial to maximising removal 

efficiency and cost-effectiveness, as excessive 

adsorbent use adds minimal benefit while increasing 

operational costs. The effect of adsorbent dosage on 

the biosorption efficiency of Cr(VI) and Ni(II) was 

evaluated and illustrated in Figure 7. Identifying an 

optimal dosage is crucial, as it maximises biosorption 

efficiency while maintaining cost-effectiveness. 

Excessive adsorbent quantities may not improve 

removal performance and can increase operational 

costs, particularly in large-scale applications. 

Therefore, fine-tuning the ATRP dosage is essential 

to achieving an optimal balance between biosorption 

performance and economic feasibility, rendering 

ATRP a practical and sustainable option for 

industrial-scale wastewater treatment. 

 

 

 
 

Figure 6. Visual observations of metal ion solutions at varying pH levels before biosorbent addition 
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Figure 7. Effect of adsorbent dosage (0.5-4 g) on the removal of a fixed 10 mg/L initial concentration of Cr(VI) 

and Ni(II) at pH 5 and pH 7, respectively 

 

As illustrated in Figure 7, increasing the adsorbent 

dosage initially enhances removal efficiencies, with 

maximum biosorption observed at 1 g for both 

metals, with 76.06% for Cr(VI) and 88.79% for 

Ni(II). This improvement is attributed to the 

increased availability of active adsorption sites and 

surface area, which facilitate more extensive 

interactions between metal ions and the ATRP 

surface. However, as the dosage exceeds 1 g, the 

removal efficiency declines, with Cr(VI) and Ni(II) 

removal decreasing to 38.1% and 48.3%, 

respectively, at a 4 g dosage.  

 

This decline can be attributed to the aggregation of 

ATRP particles at higher dosages, which leads to 

overlapping active sites and limits the effective 

surface area exposed to metal ions. Furthermore, the 

high dosage of adsorbent can create a saturation 

effect, where a large proportion of the adsorbent’s 

surface remains unsaturated due to insufficient 

availability of metal ions. This phenomenon results 

in a decrease in the biosorption capacity per unit 

mass as excess adsorbent particles compete for 

limited ion availability, thereby reducing efficiency 

[24-39]. 

 

Effect of initial concentration 

The initial concentration of metal ions plays a critical 

role in defining the adsorption capacity of ATRP, as 

shown in Figure 8. The effect of varying initial 

concentrations (5–100 mg/L) on the removal 

efficiency of Cr(VI) and Ni(II) was evaluated under 

optimised conditions. The maximum removal 

efficiencies were achieved at a concentration of 10 

mg/L, with Cr(VI) removal at 76.06% and Ni(II) at 

88.79%. At this concentration, the availability of 

active adsorption sites on ATRP is sufficient to 

accommodate the metal ions, enabling high 

biosorption efficiency. 

 

However, as the initial concentration increases 

beyond 10 mg/L, a decline in removal efficiency is 

observed, with Cr(VI) and Ni(II) removal decreasing 

to 28.2% and 34.5%, respectively, at 100 mg/L. This 

reduction can be attributed to the saturation of active 

sites on the ATRP surface as the concentration of 

metal ions increases, leading to increased 

competition among ions for available sites. 

Consequently, as metal ion content rises, the 

adsorption capacity of the adsorbent reaches a limit, 

resulting in reduced removal efficiency. Similar 

trends have been observed with corncob, as reported 

by Chaudhari and Patkar, where increasing metal ion 

concentration leads to saturation of adsorption sites 

and diminished removal rates [40].  

 

This suggests that ATRP is most effective at 

moderate concentrations, and adjustments to 

adsorbent dosage or extended contact times may be 

necessary to maintain high adsorption performance at 

elevated concentrations. These findings underscore 

the importance of optimising initial concentration to 

balance adsorption efficiency and maximise the 

potential of ATRP in practical applications. 
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Figure 8. Effect of initial concentration (5–100 mg/L) on the removal of Cr(VI) at pH 5 and Ni(II) at pH 7 

using 1.0 g of biosorbent 

 

Adsorption isotherms 

Adsorption isotherm analysis allows for the 

characterisation of the adsorbate distribution between 

the solid and liquid phases at equilibrium, providing 

insights into the adsorption mechanism. This study 

employed the Langmuir and Freundlich isotherm 

models, as illustrated in Figures 9A and 9B, 

respectively, to evaluate the adsorption of Cr(VI) and 

Ni(II) onto ATRP at equilibrium [33, 34, 40]. 

 

Langmuir isotherm 

The Langmuir model assumes monolayer adsorption 

on a homogeneous surface, with all active sites 

having equal affinity for the adsorbate. The linear 

form of the Langmuir isotherm was expressed as Eq. 

2 [39, 40].  
 

        
1

qe
=

1

qmKLCe
  +  

1

qm
                                    (Eq. 2) (2) 

 

where qm denotes the maximum adsorbent's 

monolayer capacity for the adsorbate (mg/g) and KL 

signifies the constant of the Langmuir equilibrium 

related to the Cr(VI) and Ni(II) adsorption binding 

energy (L/mg). 

 

            
 

Figure 9. Adsorption isotherms (A) Langmuir and (B) Freundlich of Cr(VI) and Ni(II) onto ATRP 
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Figure 9A shows linear correlation plots between 

Ce/qe and Ce. Langmuir constants such as qm and KL 

are determined from the slope and intercept of the 

plot. The R2 values of correlation coefficients were 

utilised to find the best-fit linear equation [27]. The 

qm for Cr(VI) and Ni(II) was 33.4448 mg/g and 

416.6667 mg/g, with KL of 0.0018 L/mg and 0.0002 

L/mg, respectively. The high correlation coefficients 

for Cr(VI) (R2=0.9698) and Ni(II) (R2=0.9699) 

suggest the best fitting of the experimental data to the 

Langmuir isotherm, indicating favourable monolayer 

adsorption.  

 

The shape of the Langmuir isotherm can be 

evaluated using the dimensionless separation factor 

(RL) to determine the more favourable isotherm. RL 

was estimated using Eq. 3 [40, 41]. 

 

RL = 
1

1+ C0KL
     (Eq. 3) 

 

The value of RL specifies the isotherm shape; it is 

irreversible when RL = 0, favourable when 0 < RL < 

1, linear when RL = 1, and unfavourable when RL > 

1. The RL value was found to be 0.9822 for Cr(VI) 

and 0.9984 for Ni(II), demonstrating that the ATRP 

biosorbent is well-suited for effective heavy metal 

removal under the optimised conditions, as RL values 

close to zero indicate a highly favourable adsorption 

process. 

 

Freundlich isotherm 

Freundlich isotherm assumes multilayer adsorption, 

and the adsorbent is considered to have a 

heterogeneous surface energy system that is 

satisfactory for low adsorptive concentrations [40, 

41]. The Freundlich isotherm was estimated using 

Eq. 4.  

 

ln qe = ln KF +(1/n) ln Ce     (Eq. 4)  

 

The Freundlich isotherm constants are represented by 

KF and n. KF is the distribution or adsorption 

coefficient and indicates the adsorption capacity of 

the adsorbent. Figure 9B shows that the plot of log qe 

versus log Ce represents a straight line with a slope 

value of 1/n.  

 

The Freundlich constants KF and 1/n were computed 

using Eq. 4. This model, which assumes adsorption 

on a heterogeneous surface, yielded a KF of 0.1143 

for Cr(VI) and 0.1230 for Ni(II). The values of n, 

which are 1.3479 for Cr(VI) and 1.2910 for Ni(II), 

indicate favourable adsorption when n is greater than 

1. However, the lower R2 values (R2 = 0.9296 for 

Cr(VI) and R2 = 0.9368 for Ni(II)) indicate that the 

Freundlich model provides a less accurate fit 

compared to the Langmuir model, suggesting that 

monolayer adsorption is more dominant in this 

system. 

 

Table 1 summarises the key isotherm parameters, 

with Langmuir constants qm of 33.4448 mg/g for 

Cr(VI) and 416.6667 mg/g for Ni(II), which are 

notably higher than those of other biosorbents like 

date palm leaves and almond husks, which have 

exhibited capacities of approximately 22.47 mg/g for 

Cr(VI) and 37.175 mg/g for Ni(II), confirming 

ATRP’s competitive efficacy [38, 41]. The RL values 

for Cr(VI) and Ni(II), 0.9822 and 0.9984, 

respectively, indicate favourable adsorption, 

demonstrating ATRP’s suitability for efficient metal 

ion removal under optimised conditions.  

 

This analysis indicates that the Langmuir model 

more accurately describes the adsorption behaviour 

of Cr(VI) and Ni(II) on ATRP, suggesting a 

monolayer adsorption process with favourable 

characteristics [33, 34, 40, 43]. The higher R2 values 

of the Langmuir model (R2 = 0.9698 for Cr(VI) and 

R2 = 0.9699 for Ni(II)) compared to the Freundlich 

model underscore the better fit to a monolayer 

adsorption mechanism. 

 

 

 

Table 1.  Adsorption isotherms 

Langmuir Freundlich 

Parameters Cr(VI) Ni(II) Parameters Cr(VI) Ni(II) 

qm (g/mg) 33.4448 416.6667 KF 0.1143 0.1230 

KL (L/mg) 0.0018 0.0002 n 1.3479 1.2910 

R2 0.9698 0.9699 R2 0.9296 0.9368 

RL 0.9822 0.9984    
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Mean difference between percent removal of 

Ni(II) and Cr(VI) adsorbed by RRP and ATRP 

biosorbents  

The biosorption capacities of RRP and ATRP for 

Cr(VI) and Ni(II) were evaluated using the Mann-

Whitney U test. The Mann-Whitney U test was 

utilised to compare biosorption efficiencies between 

RRP and ATRP under non-normal data distributions, 

ensuring statistically robust results without 

parametric assumptions. Table 2 summarises the 

results of the statistical analysis, showing the mean 

percentage removal, IQR, and statistical significance 

of the differences between RRP and ATRP. 

 

Table 2.  The mean difference between percent 

removal of Ni(II) and Cr(VI) using RRP and ATRP 

 Cr(VI) Ni(II) 

 RRP ATRP RRP ATRP 

N 15 15 15 15 

Mean 

(IQR) % 

removal 

28 (6) 54 (35) 58 (20) 64 (10) 

Z statistic 

p valuea 

-3.629 

0.009a 

-2.220 

0.026a 
a Mann-Whitney test 

 

ATRP demonstrated significantly higher biosorption 

efficiencies compared to RRP for both metals. 

Specifically, ATRP achieved a mean Cr(VI) removal 

of 54%, compared to 28% for RRP, with a Z statistic 

of -3.629 and a p-value of 0.009 (p <0.05). Similarly, 

for Ni(II), ATRP showed a mean removal efficiency 

of 64%, compared to 58% for RRP, with a Z statistic 

of -2.220 and a p-value of 0.026 (p <0.05). The null 

hypothesis for both Cr(VI) and Ni(II) was rejected, 

confirming a significant mean difference in Cr(VI) 

and Ni(II) removal between both biosorbents, in 

which ATRP significantly outperformed RRP in 

metal biosorption. 

  

The enhanced performance of ATRP can be attributed 

to the acid treatment, which effectively removes 

lignin and enhances more active sites and functional 

groups, such as -OH and -COOH groups, that are 

critical for metal ion binding. The statistical 

significance of the differences between RRP and 

ATRP underscores the importance of chemical 

modification in improving the efficacy of biosorbents 

derived from agricultural waste, which also provides 

a robust basis for the application of ATRP in 

environmental remediation [33-28].  

 

Conclusion 

This study demonstrates that ATRP is a highly 

effective biosorbent for removing Cr(VI) and Ni(II) 

from aqueous solutions, significantly outperforming 

RRP. The batch biosorption experiments revealed 

that ATRP achieved maximum removal efficiencies 

of 76.06% for Cr(VI) at pH 5 with a contact time of 

120 minutes and 88.79% for Ni(II) at pH 7 with a 

contact time of 90 minutes. In comparison, RRP 

showed lower efficiencies, with 36.8% for Cr(VI) 

and 57.8% for Ni(II) under similar conditions. These 

findings emphasise the importance of acid treatment 

in lignin modification, thereby exposing additional 

active sites by enhancing the availability of -OH and 

-CH2 groups, which play a key role in metal ion 

binding. For ATRP, the R2 values of the Langmuir 

isotherm model were 0.9698 and 0.9699 with RL 

values of 0.9822 and 0.9984 for both Cr(VI) and 

Ni(II), respectively, revealing the best fitting of the 

experimental data to the Langmuir than the 

Freundlich isotherm. Using the Mann-Whitney U test 

to do statistical analysis confirmed that there are 

significant differences between ATRP and RRP in 

their biosorption capacities. This shows that ATRP 

could be a cost-effective and long-lasting way to treat 

industrial wastewater. These results directly support 

the objectives of SDG6, SDG12, and SDG14 by 

promoting innovative, sustainable solutions for 

wastewater pollution control.  

 

Given the promising results, future research should 

explore the feasibility of ATRP for large-scale 

industrial applications and investigate combinations 

with other biosorbents to enhance efficiency. 

Additionally, synergistic combinations of rambutan 

peels with other agricultural wastes or modifications 

with magnetism or polymeric compounds could 

broaden the potential of biosorbents in environmental 

remediation. [44-46].  

 

Challenges such as the regeneration of biosorbents, 

potential costs, and the handling of large volumes of 

wastewater also need to be addressed to ensure the 

feasibility of ATRP in real-world applications. While 

ATRP shows promising reusability, the regeneration 

efficiency may decrease over repeated cycles, 

warranting further study to optimise regeneration 

protocols for potential industrial applications. For 

sustainable use and disposal of the ATRP biosorbent, 

a cradle-to-grave management approach is 

recommended. The spent biosorbent can be 

regenerated using mild desorbing agents such as 

dilute HCl or NaCl, which effectively desorb Cr(VI) 

and Ni(II) ions, allowing the ATRP to be reused 

across multiple cycles with minimal degradation. 

After multiple cycles, when biosorption efficiency 

declines, safe disposal is essential [18, 47]. For final 

disposal, spent ATRP could undergo stabilisation or 

controlled thermal treatment to immobilise bound 

metals, minimising environmental impact and 

leaching risks in landfill conditions [48]. This holistic 

approach not only enhances the economic and 

environmental feasibility of ATRP but also aligns 

with sustainable waste management practices, 
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underscoring its potential as a viable biosorbent for 

heavy metal remediation. 
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