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Abstract:  Heavy metal contamination of water 

poses serious environmental and health risks/ 

Therefore,  this study aims to evaluate the 

efficiency of charcoal and activated silica as 

low-cost adsorbents for the removal of Pb(II), 

Cd(II), and Ni(II) ions from aqueous solutions. 

The effects of pH, temperature, and contact 

time on adsorption were systematically 

evaluated. For silica, the maximum adsorption 

capacities were 7.50 mg/g for Pb(II), 7.50 mg/g 

for Cd(II), and 7.50 mg/g for Ni(II), while for 

charcoal, the corresponding capacities were 

7.50 mg/g, 7.50 mg/g, and 7.51 mg/g, 

respectively. Optimal adsorption occurred at 

pH 4 for Pb(II) and pH 6 for Cd(II) and Ni(II), 

with maximum removal efficiencies of 86.44%, 

80.34%, and 71.56% for silica and 96.34%, 

90.49%, and 92.75% for charcoal. Adsorption 

kinetics were evaluated using pseudo-first-

order, pseudo-second-order, and intraparticle 

diffusion models, with the pseudo-second-

order model providing the best fit (R² = 1.000), 

indicating chemisorption-dominated 

processes. Intraparticle diffusion analysis 

suggested that adsorption was particle-

diffusion controlled, with boundary layer 

thickness (Xᵢ) ranging from 7.46 to 7.47 mg/g. 

The results demonstrate that both adsorbents, 

particularly charcoal, are highly effective for 

the removal of Pb(II), Cd(II), and Ni(II) ions 

and hold potential for the treatment of 

industrial wastewater. 
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1.0 Introduction:  

Water is a vital natural resource essential for 

human survival, socio-economic development, 

and ecosystem sustainability. Access to safe 

and clean drinking water is fundamental to 

public health and environmental protection. 

Water is a ubiquitous solvent and a primary 

cause of infectious illnesses (Ai et al., 2011. 

The primary sources of water contamination 

include runoff from residential and commercial 

wastewater, air deposition, storage tank leaks, 

ocean dumping, industrial wastes, corrosion 

products, pharmaceutical wastes and 

radioactive waste (Batheja et al., 2009; 

Bademo et al., 2016; Eddy et al., 2023a-d; 
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Eddy et al., 2008). Industrial wastes and heavy 

metals that have been discarded end up in lakes 

and rivers, where they can harm both people 

and wildlife. Industrial wastes contain toxins 

that can lead to acute poisoning, 

immunosuppression, and reproductive failure. 

Contaminated water can spread infectious 

diseases such as cholera, typhoid fever, 

gastroenteritis, diarrhea, vomiting, skin 

infections, and kidney disease (Pal et al., 

2018). While certain metals naturally oppose 

the vital functions of other elements, human 

activity has resulted in a substantial pollution 

load that surpasses the aquatic environment's 

ability to clean itself (Zacaroni et al., 2015. In 

small amounts, the body requires a variety of 

trace elements and heavy metals like zinc, 

copper, iron, manganese, and cobalt (Lane et 

al., 2000); while they are toxic at higher 

concentrations (Chronopoulos et al., 1997). 

However, several non-essential heavy metals, 

including lead (Pb), cadmium (Cd), chromium 

(Cr), mercury (Hg), and nickel (Ni), are highly 

toxic even at low concentrations and pose 

significant risks to human health The 

poisonous heavy metal ions first enter the 

human body through the food chain (Merzouk 

et al., 2011). Because heavy metals are not 

biodegradable, they stay in the human body 

permanently for a considerable amount of time 

(Awaka-Ama et al., 2024; Hahladakis et al., 

2013; Diagomanolin et al., 2004). Three 

prevalent hazardous heavy metals to which 

human is exposed more and more are lead, 

nickel and cadmium, because of their wide 

range of applications in materials and 

technologies that are essential to human 

survival. The World Health Organization 

(WHO) recommends a maximum permissible 

limit of 10 µg L⁻¹ for Pb²⁺ in drinking water, 

due to its cumulative toxicity and adverse 

neurological effects. (World Health 

Organization, 2000). Cadmium is one of the 

more poisonous metals, with intake causing 

several symptoms such as high blood pressure, 

renal damage, and red blood cell destruction 

(Ghazy, 1995; Ghazy et al., 2008b). The 

methods for treating wastewater include 

separation, coagulation/flocculation, 

precipitation, ion exchange, 

electrocoagulation, reverse osmosis, and 

adsorption (ref). Among these methods, 

adsorption remains one of the most effective 

and widely applied techniques for heavy metal 

removal due to its high efficiency, operational 

simplicity, and economic feasibility.. 

Adsorption has been confirmed to be excellent 

for different methods of water purification in 

terms of ease of application, cost, simplicity of 

design, and viability for in situ treatment of 

underground and surface water. Adsorption is 

a surface phenomenon where molecules, 

atoms, or ions from a gas, liquid, or dissolved 

solid cling to the adsorbent's active site to form 

an adsorbate film on the adsorbent's surface. 

The process of removing a substance from a 

liquid or gas by means of a solid phase that 

results in a larger concentration (or 

accumulation) of removed adsorbate molecules 

on the adsorbent surface compared to that in the 

bulk of the solution is known as adsorption 

(Soliman & Moustafa, 2020). Furthermore, 

because adsorption does not require expert 

maintenance or equipment, it can be used in 

rural regions (Mizuta et al., 2004; Batheja et 

al., 2009). An effective adsorbent is expected 

to possess high abrasion resistance, good 

thermal stability, large surface area, and a well-

developed pore structure, all of which enhance 

adsorption efficiency. Additionally, the 

adsorbents need to have a unique pore structure 

that allows the gaseous vapors to be transported 

quickly (Dureja et al., 2007).  

A number of materials have been synthesized 

and used for the adsorption of Cd(II), Ni(II) and 

Pb(II) ions such as amino propyl-modified 

mesoporous carbon (Guesmi et a., 2015); low 

cost adsorbent (Yeganeh et al., 2019), 

chemically modified polyacrylonitrile-based 

fiber (Deng et al., 2016), nanoparticles (Eddy 

et al., 2024a-d) and spherical mesoporous silica 

(Zhu et al., 2015; Li et al., 2015). Although 
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these materials have demonstrated varying 

degrees of adsorption efficiency, many of them 

are associated with high production costs, 

complex synthesis procedures, or limited 

availability, which restrict their large-scale 

application, particularly in developing 

countries. Despite extensive studies on the 

adsorption of Pb(II), Cd(II), and Ni(II) ions 

using different synthetic and natural 

adsorbents, there remains limited comparative 

information on the adsorption kinetics, 

transport mechanisms, and performance of 

agricultural waste-derived charcoal relative to 

conventional adsorbents such as activated 

silica under identical experimental conditions. 

In addition, systematic characterization-based 

correlations between adsorbent properties and 

metal ion uptake are scarcely reported. 

The increasing environmental and health 

challenges posed by toxic heavy metal 

pollution as the advancement in 

industrialization reaches the shores of the 

developing economies requires that more 

investigations should be carried out with 

respect to the use of commercial activated 

carbon adsorbents for those heavy metal ions 

that are prevalent in these countries (Bilal et al., 

2021). Hence, this study aims to comparatively 

evaluate the batch adsorption behavior of 

Pb(II), Cd(II), and Ni(II) ions onto corn cob-

derived charcoal and activated silica from 

aqueous solutions. 

Activated charcoal and silica gel were used as 

adsorbent for this study. Characterizations of 

both physical and chemical properties of them 

will be investigated to give insight on the 

material and this will be used to correlate with 

the ions uptake in aqueous phase. In addition, 

Cd(II), Ni(II) and Pb(II) ions kinetic and 

equilibrium sorption as well as the modelling 

of the transport of the three ions onto the 

surface of the activated charcoal and silica gel 

will be investigated.  

The findings of this study are expected to 

provide valuable insight into the potential 

application of low-cost and locally available 

adsorbents for heavy metal remediation, 

thereby contributing to sustainable wastewater 

treatment strategies and environmental 

protection in developing economies. 
 

2. 0 Materials and Methods  

2.1. Reagents and chemicals  
 

 Deionized water was used throughout the 

study for the preparation of all solutions and for 

all experimental procedures. Standard stock 

solutions (1000 ppm) of Pb²⁺, Cd²⁺, and Ni²⁺ 

were prepared from cadmium nitrate 

[Cd(NO₃)₂], lead nitrate [Pb(NO₃)₂], and nickel 

sulfate [NiSO₄], respectively, each dissolved in 

0.5 mol L⁻¹ HNO₃. Acidification of the stock 

solutions was carried out to prevent metal ion 

hydrolysis. Working solutions of the desired 

concentrations were obtained by appropriate 

dilution of the stock solutions with deionized 

water. In addition, a wastewater sample was 

employed to evaluate the efficiency of the 

developed adsorbents for heavy metal removal 

under practical conditions.  
 

2.2. Preparation of the Charcoal 
 

Corn cob (CC) was collected from Orie Ugba 

market (Umuahia), washed with distilled 

water, and  oven-dried at 70 °C until a constant 

weight was achieved (approximately 48 h). The 

dried corn comb was crushed using a pulverizer 

and the resulting powder was packed in sealed 

bags and stored in a desiccator at room 

temperature until further use. All chemicals in 

this study were of analytical grades.  The corn 

cob powder was pyrolyzed in a tubular furnace 

at 500 °C for 2 h under a limited oxygen flow 

rate of 60 mL min. The resulting charcoal was 

cooled to room temperature, washed with 

distilled water, filtered, and dried at 70°C until 

a constant weight was achieved (Abdel-Salam 

et al., 2025; Abuzaid et al., 2025). The charcoal 

was then ground and stored in airtight 

polyethylene bags before further applications. 
 

2.3. Chemical Activation of Adsorbent (Silica) 
 

Pure chromatographic grade silica (mesh size 

60-200 μm) was soaked in excess 0.3 M HNO3.  
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Acid treatment was employed to enhance 

surface acidity, remove surface impurities, and 

increase adsorption efficiency. The mixture 

was stirred for 30 min and kept for 24h to 

remove any debris or soluble bio-molecule that 

might interact with the metal ions during the 

sorption process.  This treatment constituted 

the chemical activation of the silica adsorbent 

and facilitated pore opening, thereby 

improving its surface properties. The adsorbent 

was then filtered through Whatman No.11 filter 

paper and rinsed with de-ionized water. The 

rinsed adsorbent was later air dried for 12 h and 

stored in air tight container. The activated silica 

was stored in a desiccator prior to use to 

prevent moisture uptake. 
 

2.4. Characterization of activated charcoal 

and silica adsorbents 
 

 The adsorbents were characterized using 

scanning electron microscopy coupled with 

energy dispersive X-ray analysis (SEM–EDX, 

JSM-IT200) and Fourier transform infrared 

spectroscopy (FTIR, Shimadzu Tracer-100). 
 

2.5. Batch Adsorption experiment 
 

All the reagents used were of analytical reagent 

grade and were used without further 

purification.  The silica adsorbent was 

chemically activated as described in Section 

2.3, while the charcoal was prepared via 

controlled pyrolysis without further chemical 

activation. Distilled deionized water was used 

in the preparation of all sample solutions. 30 

mg/L solution of lead, cadmium and nickel 

used for the analysis were prepared from their 

salts, Pb(NO3)2, CdSO4 and NiSO4.6H2O 

respectively.  The effect of solution pH on 

metal ion adsorption was investigated by 

adding 25 cm³ of 30 mg L⁻¹ Pb²⁺, Cd²⁺, or Ni²⁺ 

solutions into separate 100 mL conical flasks 

containing 0.1 g of each adsorbent and then 

adjusting the pH of the solutions from pH 2 to 

10 using either 0.1 M HCl or 0.1 M NaOH 

solution and at a fixed temperature of 300C. 

The flasks were agitated for 1 h and then 

filtered rapidly. The residual metal ion 

concentration in the filtrate was finally 

determined using UNICAM (solar AAS 969) 

atomic absorption spectrophotometer. The 

influence of temperature on the adsorption 

experiment was performed in a constant speed 

shaking water bath by measuring 25 cm3 of 30 

mg/L portion of each of the Pb2+, Cd2+ and Ni2+ 

solutions into several 100 cm3 Erlenmeyer 

flasks containing 0.1 g of each of silica and 

charcoal adsorbent. The flasks were corked and 

agitated intermittently in a rotary shaker at 

different temperatures of 30oC, 40oC, 50 0C, 

60oC and 70oC for 60 min and at a pH of 4 for 

lead and 6 for cadmium and nickel. At the end 

of the equilibration time, the content of each 

flask was filtered and the filtrate collected into 

different sample bottles and the residual 

concentration was analysed using UNICAM 

atomic absorption spectrophotometer (Solar 

AAS 969). The concentration of metal ions 

adsorbed was calculated as the difference 

between the initial and the residual 

concentration at the end of the adsorption 

process. The effect of contact time was 

investigated by measuring 25 cm3 of 30 mg/L 

portion of each of the Pb2+, Cd2+ and 

Ni2+solutions into several 100 cm3 Erlenmeyer 

flasks containing 0.1 g of each of silica and 

charcoal adsorbent. The flasks were corked and 

agitated intermittently in a rotary shaker at 

different contact times ranging from 10 min to 

150 min and at a temperature of 30oC and pH 

of 4 for lead and 6 for cadmium and nickel. At 

the end of each sorption contact time, the 

content of each flask was filtered and the 

filtrate collected into different sample bottles 

and the residual concentration analyzed using 

UNICAM atomic absorption 

spectrophotometer (Solar AAS 969). The 

concentration of metal ions adsorbed was 

calculated as the difference between the initial 

and the residual concentration at the end of 

each contact time. 

The amount of metal ion adsorbed per unit 

mass of adsorbent (qₑ, mg g⁻¹) was calculated 
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usin equation 1 (Akpanudon & Chibuzo, 2020; 

Odiongenyi, 2019; Odiongenyi & Afanide, 2019) 

𝑞𝑒 =  
(𝐶0 −  𝐶𝑒)𝑉 

𝑚
  

where C₀ and Cₑ are the initial and equilibrium 

concentrations (mgL⁻¹), V is the solution 

volume (L), and m is the mass of adsorbent (g). 
 
 

3.0. Results and Discussion  

3.1. Characterization of activated charcoal 

and silica 

3.1.1. FTIR analysis 

 Fourier Transform Infrared (FTIR) 

spectroscopy was employed to identify the 

surface functional groups of the adsorbents and 

to compare their structural changes before and 

after Pb(II) adsorption. The FTIR spectra of 

activated silica gel, Pb(II)-loaded silica, 

activated charcoal, and Pb(II)-loaded charcoal 

are presented in Figs 1 to 4, respectively. 

The FTIR spectrum of activated silica (Fig.1) 

exhibits characteristic absorption bands at 3462 

cm⁻¹, 1647 cm⁻¹, 1055 cm⁻¹ (very strong), 977 

cm⁻¹ (medium), and 794 cm⁻¹. The broad band 

at 3462 cm⁻¹ is attributed to the stretching 

vibration of surface silanol (Si–OH) groups, 

while the band at 1647 cm⁻¹ corresponds to the 

bending vibration of adsorbed water (H–O–H). 

The intense band at 1055 cm⁻¹, together with 

the shoulder at 977 cm⁻¹, is characteristic of the 

asymmetric stretching vibration of the Si–O–Si 

siloxane framework, whereas the band at 794 

cm⁻¹ is assigned to the symmetric stretching 

vibration of Si–O–Si linkages (Donia et al., 

2009; Han et al., 2005). These features confirm 

the dominance of silanol and siloxane groups 

on the activated silica surface, which are 

known to serve as active sites for metal ion 

adsorption. 

Following Pb(II) adsorption, the FTIR 

spectrum of Pb(II)-loaded silica (Fig. 2) shows 

noticeable changes when compared with that of 

the pristine silica. These include slight shifts, 

intensity reduction, and partial disappearance 

of the Si–O–Si asymmetric stretching band 

around 1055 cm⁻¹, as well as modifications in 

the hydroxyl-related bands at 3462 cm⁻¹ and 

1647 cm⁻¹. The observed spectral variations 

indicate the involvement of silanol and 

siloxane groups in Pb(II) binding. A 

comparative evaluation of Figs. 1 and 2 suggest 

that metal–silicate interactions predominantly 

occur through the Si–O–Si asymmetric 

stretching region, confirming the formation of 

surface metal–oxygen complexes on the silica 

matrix. 

The FTIR spectrum of activated charcoal (Fi3) 

differs markedly from that of silica, reflecting 

its carbonaceous nature. Prominent bands are 

observed at 1561 cm⁻¹, 1364 cm⁻¹ (very 

strong), 1010 cm⁻¹ (medium), 764 cm⁻¹, and 

689 cm⁻¹. The band at 1561 cm⁻¹ is assigned to 

aromatic C=C stretching vibrations, while the 

strong band at 1364 cm⁻¹ corresponds to 

phenolic O–H bending or C–O stretching 

vibrations. The band at 1010 cm⁻¹ is attributed 

to Si–O–Si vibrations arising from mineral or 

ash content in the biomass-derived charcoal. 

The bands at 764 cm⁻¹ and 689 cm⁻¹ are 

associated with aromatic C–H out-of-plane 

bending vibrations, indicating the presence of 

substituted aromatic structures on the charcoal 

surface. 

After Pb(II) adsorption, the FTIR spectrum of 

Pb(II)-loaded charcoal (Fig. 4) shows distinct 

spectral changes relative to the pristine 

charcoal. These include shifts and intensity 

variations in the phenolic and aromatic regions, 

particularly around 1364 cm⁻¹ and 764 cm⁻¹. 

The comparative analysis of Figs. 3 and 4 

indicates that Pb(II) binding on the charcoal 

surface is strongly associated with aromatic C–

H out-of-plane bending vibrations and oxygen-

containing functional groups. The observed 

changes at 764 cm⁻¹ suggest that metal–

charcoal interactions occur mainly through 

aromatic and phenolic surface functionalities. 

A comparison of the FTIR spectra before and 

after Pb(II) adsorption demonstrates that while 

activated silica interacts with Pb(II) primarily 

through silanol and siloxane groups, activated 

charcoal binds Pb(II) predominantly via 
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aromatic and oxygen-containing functional 

groups. These differences in surface chemistry 

explain the observed variation in adsorption 

behavior between the two adsorbents. 
 

3.1.2. SEM/EDX examinations 

 The surface morphology and elemental 

composition of the activated silica and corn cob 

charcoal adsorbents were investigated using 

scanning electron microscopy (SEM) coupled 

with energy-dispersive X-ray spectroscopy 

(EDX). The SEM micrographs and 

corresponding EDX spectra are presented in 

Figs. 5(a–b) for activated silica and Figs. 3.6(a–

b) for activated charcoal. 

The SEM image of the activated silica (Fig. 5a) 

reveals an irregularly aggregated structure 

composed of fine particles with rough and 

porous surfaces. The particles appear clustered, 

forming agglomerates of varying sizes with 

noticeable inter-particle voids. Such surface 

roughness and porosity are advantageous for 

adsorption processes, as they enhance surface 

area and provide abundant active sites for metal 

ion attachment. The observed morphology is 

characteristic of acid-activated silica materials 

and is consistent with enhanced adsorption 

performance reported in previous studies 

(Chakraborty et al., 2022). 
 

 

 
Fig. 1: FTIR spectrum of activated silica. 

Fig/ 2: FTIR spectrum of Pb(II) loaded activated silica 

Fig. 3: FTIR spectrum of charcoal 
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Fig. 4: FTIR spectrum for charcoal loaded with Pb(II) ions. 

In contrast, the SEM micrograph of the corn 

cob-derived charcoal (Fig. 6a) shows 

comparatively well-defined, discrete, and 

quasi-spherical to plate-like particles with 

smoother edges. The charcoal particles appear 

more uniformly distributed, with visible pores 

and cavities formed during the pyrolysis 

process. These pores are indicative of 

devolatilization and carbon matrix 

rearrangement, which contribute to improved 

mass transfer and accessibility of adsorption 

sites. Compared to silica, the charcoal exhibits 

a more heterogeneous pore structure, which 

may facilitate multilayer adsorption and 

diffusion-controlled uptake of metal ions. 

A comparative evaluation of the SEM images 

indicates that while both adsorbents possess 

porous morphologies conducive to adsorption, 

activated silica is dominated by agglomerated 

fine particles with surface silanol-rich regions, 

whereas the charcoal exhibits a more open and 

heterogeneous pore network arising from 

biomass carbonization. 

The EDX spectrum of activated silica (Fig. 5b) 

confirms that silicon (Si) and oxygen (O) are 

the dominant elements, with Si accounting for 

approximately 71.8 wt% and O contributing 

about 5.4 wt%, consistent with a silica-rich 

matrix. Minor elemental constituents include 

aluminium (Al, 10.6 wt%), magnesium (Mg, 

3.2 wt%), calcium (Ca, 4.3 wt%), potassium 

(K, 4.2 wt%), sodium (Na, 1.3 wt%), and iron 

(Fe, 2.5 wt%). These minor elements are likely 

derived from precursor impurities or residual 

mineral phases and may contribute 

synergistically to adsorption through additional 

surface heterogeneity. 

For the activated charcoal (Fig. 6b), the EDX 

analysis reveals a markedly different elemental 

distribution. Carbon (C) is the predominant 

element, constituting approximately 25.8 wt%, 

followed by oxygen (O, 21.4 wt%) and silicon 

(Si, 40.6 wt%). The relatively high silicon 

content suggests the presence of silica-rich ash 

inherited from the corn cob biomass. 

Aluminium (Al, 8.6 wt%) and trace elements 

such as sodium (Na, 2.2 wt%), magnesium 

(Mg, 0.9 wt%), manganese (Mn, 0.9 wt%), 

calcium (Ca, 1.0 wt%), iron (Fe, 2.0 wt%), and 

silver (Ag, 0.3 wt%) were also detected. 

A comparative assessment of the EDX results 

highlights clear compositional differences 

between the two adsorbents. Activated silica is 

dominated by silicon-based phases with 

abundant oxygen, supporting the FTIR-

observed prevalence of silanol and siloxane 

functional groups responsible for surface 

complexation with Pb(II) ions. In contrast, the 

charcoal contains a mixed composition of 

carbonaceous material and mineral ash 

components, resulting in a multifunctional 

surface comprising aromatic carbon structures, 

oxygenated groups, and inorganic phases. 

These compositional differences directly 

influence adsorption behavior. The silica 

adsorbent favors metal uptake through surface 

complexation and ion exchange at silanol sites, 

while the charcoal provides multiple binding 
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mechanisms, including electrostatic attraction, 

π–metal interactions, and coordination with 

oxygen-containing functional groups. The 

presence of mineral-derived elements in the 

charcoal further enhances surface 

heterogeneity, which can promote diffusion-

controlled adsorption and higher metal 

retention.  

The SEM and EDX analyses corroborate the   

FTIR findings and adsorption results, 

confirming that both adsorbents possess 

structurally and chemically favorable 

characteristics for heavy metal removal. 

However, the distinct morphological and 

compositional features of activated silica and 

corn cob charcoal explain their differing 

adsorption affinities and kinetic behaviors 

toward Pb(II) ions. 

 

 
Fig. 5a: The SEM micrograph of activated silica 

Fig. 5b: 

Fig 5b: The EDS of activated silica 

 
Fig. 6a The SEM micrograph of charcoal  
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Fig.6b: The EDX of charcoal 

 The SEM micrograph of activated silica 

reveals agglomerated fine particles with rough 

and highly porous surfaces. These 

morphological features enhance surface 

exposure of silanol (–Si–OH) and siloxane (–

Si–O–Si–) groups previously identified in the 

FTIR spectra at 3462, 1055, and 977 cm⁻¹. The 

high density of exposed silanol groups, 

confirmed by FTIR, coupled with the rough 

and porous morphology observed in SEM, 

facilitates rapid diffusion of Pb(II) ions to 

active sites and promotes surface 

complexation. This structural–functional 

synergy explains the strong FTIR peak shifts 

and intensity reductions observed after Pb(II) 

adsorption, particularly at the Si–O–Si 

asymmetric stretching band (≈1055 cm⁻¹), 

indicating metal–silicate bond formation. 

In contrast, the SEM image of the activated 

charcoal shows a heterogeneous pore structure 

with well-developed cavities formed during 

carbonization. These pores expose aromatic 

carbon frameworks and oxygen-containing 

functional groups identified in the FTIR 

spectra, such as aromatic C=C stretching (1561 

cm⁻¹), phenolic groups (1364 cm⁻¹), and 

aromatic C–H out-of-plane bending (764 

cm⁻¹). The FTIR peak shifts and partial 

disappearance of these bands after Pb(II) 

adsorption are consistent with the SEM-

observed pore architecture, which allows Pb(II) 

ions to penetrate the carbon matrix and interact 

with internal functional sites. 

EDX analysis further supports the FTIR 

findings by confirming the elemental 

composition of the adsorbents. Activated silica 

is dominated by silicon and oxygen, validating 

the FTIR-identified silanol and siloxane groups 

as the principal adsorption sites. Minor 

elements such as Al, Ca, and Mg detected by 

EDX may contribute additional electrostatic 

interactions, but FTIR evidence indicates that 

Pb(II) binding is primarily associated with Si–

O functionalities. 

For the charcoal, EDX reveals a carbon-rich 

matrix with significant oxygen and mineral ash 

components, including silicon and aluminium. 

This mixed composition corroborates the FTIR 

detection of both carbonaceous and inorganic 

functional groups. The coexistence of aromatic 

structures and mineral phases enhances surface 

heterogeneity, allowing Pb(II) ions to bind 

through multiple mechanisms, including 

coordination with oxygenated groups and 

interaction with aromatic carbon sites. 

The SEM-observed pore characteristics of both 

adsorbents provide a mechanistic explanation 

for their kinetic behavior. The relatively 

uniform, fine pores and high external surface 

area of activated silica favor rapid initial 

adsorption controlled by surface reactions. This 

morphological feature is consistent with kinetic 

models that emphasize chemisorption 

processes, such as the pseudo-second-order 

model, which assumes that adsorption rate is 

governed by the availability of active sites and 
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electron-sharing interactions, as supported by 

FTIR-identified metal–oxygen bonding. 

Conversely, the charcoal’s broader and more 

heterogeneous pore network promotes 

intraparticle diffusion and multilayer 

adsorption. The presence of larger pores and 

internal cavities observed in SEM suggests that 

diffusion into the carbon matrix plays a 

significant role, particularly at later adsorption 

stages. This structural behavior aligns with 

kinetic outcomes typically described by 

intraparticle diffusion or mixed-control 

models, where both surface adsorption and 

pore diffusion influence the overall rate. The 

FTIR-observed involvement of aromatic and 

phenolic groups further supports a combination 

of physical adsorption and chemical 

interactions. 

Overall, the integration of SEM/EDX and 

FTIR analyses confirms that adsorption 

efficiency and kinetics are governed by the 

interplay between surface chemistry and pore 

structure. Activated silica exhibits adsorption 

dominated by surface complexation at silanol 

sites, facilitated by fine pores and high surface 

accessibility, leading to faster kinetics. In 

contrast, the corn cob charcoal demonstrates 

adsorption controlled by both surface 

functional groups and pore diffusion, resulting 

in comparatively slower but potentially higher-

capacity adsorption. 

This multi-technique correlation provides 

strong mechanistic evidence that the observed 

kinetic behaviors are a direct consequence of 

the structural and chemical properties of the 

adsorbents, thereby validating their 

effectiveness for Pb(II) removal from 

wastewater. 

3.2. Studying the optimal conditions for 

adsorption of lead, nickel and cadmium  

3.2.1 Effect of pH on the adsorption of the 

metal ions  

The adsorption behavior of Pb(II), Cd(II) and 

Ni(II) ions on the two prepared adsorbents, viz. 

pure silica and charcoal were investigated with 

respect to pH, and the findings are presented in 

Figs. 7 and 8. The variation of pH was recorded 

in the pH range of 2–10 In case of silica and 

charcoal, the removal of Pb(II), Cd(II) and 

Ni(II) ions was found to be increasing with an 

increase in pH from 2 to 4 for Pb(II) ions but 

increased to 6 for both Cd(II) and Ni(II) ions, 

after which the removal was found to be in 

decreasing order up to 10. 

 
Fig 7: Variation of %R with  pH for the absorption of metal ions onto pure silica 

at initial  concentration of 30mg/L for each metal ions at 303K  
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Fig 8: Variation of %R with  pH  for the absorption of metal ions onto charcoal 

at initial concentration of 30 mg/L for each metal ions at 303 K
 

Below pH 4 for Pb(II), for lead and 6 for Cd(II) 

and Ni(II) ions, the proton concentration 

predominates and strongly repels the positively 

charged adsorbates, resulting in the lowest 

metal ions percentage removal observed for 

Pb(II), Cd(II) and Ni(II) ions. The presence of 

functional groups plays a vital role in 

enhancing the adsorption through electrostatic 

attraction (Igwegbe et al., 2021; Azzam et al., 

2022). The highest removal efficiency at pH 4 

for Pb and pH 6 for Cd and Ni were found to be 

96.34, 90.49 and 92.75%, in the case of 

charcoal, but were 86.94%, 80.34% and 

71.56% for pure silica, respectively, when used 

at 4.0gL-1 of adsorbent dose for 60 min under 

room temperature conditions. Similar kinds of 

optimization were found by the earlier studies 

with different adsorbents (Ma et al., 2015; 

Azzam et al., 2022). This optimized pH value 

(viz. pH 4 for Pb but pH 6 for both Cd and Ni) 

were maintained for further experiments using 

the two adsorbents. (Ersan et al., 2023; Jorge et 

al., 2024). 

3.2.2. Effect of temperature on the 

adsorption process 

The influence of temperature on the 

equilibrium adsorption capacity for the metal 

ions by the two adsorbents was determined at 

temperatures ranging from 30  to 70 °C, with 

initial metal ion concentration of 30 mg/L and 

pH 6 for Cd(II) and Ni(II) ions and pH 4 for 

Pb(II) ions are presented in Figs. 9 and 10. The 

results obtained suggest that adsorption of the 

metal ions from their solutions increased with 

increase in temperature, reaching a maximum 

at 40o C for their adsorption onto the silica and 

charcoal and afterward decreased as the 

temperature was increased above this 

temperature, as shown in Figs. 9 and 10. It had 

been stated that physisorption usually 

decreases with an increase in temperature, 

while chemisorption increases as the 

temperature is increased (Eddy et al., 2008) . 

This suggests that the bonding of the metal ions 

to the adsorbents in our study could have 

involved a combination of chemical interaction 

and physical adsorption. At the optimum 

temperatures for sorption of lead(II), 

cadmium(II) and Nikel(II) ions onto the 

adsorbents, the pores of the adsorbents may 

have been enlarged, resulting in an increase in 

the surface area available for adsorption, 

diffusion and penetration of the metal ions 

within the pores of the adsorbents and thereby 

causing an increase in adsorption. Also, 

increasing the temperature is known to increase 

the diffusion rate of adsorbate molecules within 

the pores as a result of decreasing solution 

viscosity, and this will in turn alter the 

equilibrium capacity of the adsorbents for the 

metal ions. The decrease in the amounts of 

metal ions adsorbed with increasing 

temperature above 40o C respectively for 

adsorption of the metal ions onto the silica and 

charcoal could have resulted from any of the 

following: (i) deactivation of the adsorbent 

surfaces or destruction of some active sites on 
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the adsorbent phases due to weakening of the 

bonds (Mohamed et al., 2024) (ii) increase in 

the relative escaping tendency (desorption) of 

the metal ions from the adsorbent phase to the 

bulk phase resulting from weakening of 

attractive forces between the active sites of the 

sorbents and the metal ions and also between 

the adjacent molecules of the adsorbed phases 

(Amadi et al., 2019). This weakening of 

attractive forces may have caused the metal 

ions to detach from the adsorbent surfaces into 

the solution phase. 

 
Fig. 9: Plot of sorption capacity (qe) vs temperature for the adsorption of the metal 

ions onto silica 

 

 
Fig. 10: Plot of sorption capacity (qe) vs temperature for the adsorption of the metal 

ions onto charcoal 
 

3.2.3 Effect of Contact Time  

The amount of metal ion adsorbed by an 

adsorbent at a particular time is one of the 

important factors that characterize the 

efficiency of an adsorption system. Results 

indicate that adsorption increases with an 

increase in contact time before equilibrium is 

attained, as shown in Figs. 11 and 12. Other 

parameters such as adsorbent mass, pH of 

solution, temperature and concentration of the 

metal ions were kept constant. Optimum 

contact time for adsorption of Pb(II), Cd(II), 

and Ni(II) ions by 0.1 g of the two adsorbents 

was 120 min. The figures indicate that a greater 

amount of Pb(II), Cd(II) and Ni(II) ions were 

adsorbed by both silica and charcoal within the 

first 80 min. After that, there was about 80 % 

levelling effect, indicating attainment of 

equilibrium for the adsorption process. In 

general, the pure silica adsorbent showed 

higher removal of the Pb(II), Cd(II) and N(II) 

ions compared to those adsorbed onto charcoal. 
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Fig. 11: Effect of contact time on the adsorption of metal ions onto biochar 

 
Fig. 12: Effect of contact time on the adsorption of metal ions onto silica 

 

3.3 Kinetic Model  

Adsorption kinetics is an effective method of 

evaluating the rate and mechanism of 

adsorption of metal ions onto adsorbents. In the 

present study, three different adsorption kinetic 

models viz; pseudo first-order, pseudo second-

order and the intra-particle diffusion models, 

were applied to analyze the experimental data. 

The conformity between the experimental data 

and the model-predicted values was expressed 

by the correlation coefficients (R2 values close 

or equal to 1). A relatively high R2 value 

indicates that the model successfully describes 

the kinetics of the metal ion adsorption.  

3.3.1 The pseudo first-order model 

The integrated pseudo first-order equation is 

generally given as equation 2 (Huang et al., 

20117; Ogoko et al., 2023):  

log(qe-qt) = log(qe) – 
𝑘1

2.303
(t)               (2) 

where qe and qt are the adsorption capacities 

(mg/g) at equilibrium and at a time t, 

respectively, k1 is the pseudo-first-order rate 

constant (min-1). The plots of log (qe - qt) versus 

t were linear, from which k1 values for the 

metal ions were determined from the slope of 

the linear plots and are presented in Table 1. 

Figs. 13  and14 show the linear plots for the 

pseudo-first-order model.  

 
Fig. 13: Pseudo-first order plot of log(qe-qt) vs t for adsorption of the metal ions 

onto charcoal 
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Fig 14: Pseudo-first order plot of log(qe-qt) vs t for adsorption of the metal ions 

onto pure silica 

 

Table 1: Kinetic parameters for pseudo-first-order reaction at 30 0C 

 

 Pure Silica Charcoal 

Pb(II) Cd(II) Ni(II) Pb(II) Cd(II) Ni(II) 

qe cal (mg/g) 0.0567 0.0523 0.0533 0.1404 0.0711 0.101 

Qe(expt)(mg/g) 7.4999 7.4988 7.4981 7.4999 7.4973 7.4991 

k1 (min-1) 0.0339 0.0306 0.0295 0.0564 0.0362 0.0431 

R2 0.9764 0.9923 0.9979 0.9354 0.9553 0.9449 

 

3.3.2 Pseudo-Second Order Model 
 

The pseudo-second order adsorption kinetic 

rate equation is expressed as (Legergren, 

1898):  
𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2      (3) 

where k2 (g/mg/min) is the rate constant of 

pseudo-second order adsorption, qe and qt 

(mg/g) are the sorption capacity at equilibrium 

time and at time t, respectively. For the 

boundary conditions t = 0 to t = t and qt = qt, 

the integrated form of the above equation 

becomes: 
𝑡

𝑞𝑡
=

1

ℎ𝑜
+

1

𝑞𝑒
(𝑡)     (4) 

where ho = k2qe2 is usually described as the 

initial adsorption rate as t approaches zero. The 

pseudo-second-order model was applied in this 

analysis and a plot of t/qt vs t gave linear plots, 

which allowed the evaluation of qe, k2 and ho. 

As shown in Table 2 and Figs. 15 and 16, the 

experimental adsorption data fitted the pseudo-

second-order model perfectly as observed by 

the high correlation coefficients (R2 =1). The 

pseudo-second-order parameters for the 

adsorption of the metal ions are presented in 

Table 1. These parameters were calculated 

from the intercept and slope of the linear plots 

of t/qt versus t. The equilibrium adsorption 

capacities, qe calculated from the pseudo-

second-order kinetic model, agree very closely 

with the experimental values. The fitting of the 

experimental adsorption data into pseudo 

second-order model shows that the rate of 

occupation of active sites is proportional to the 

square of the number of unoccupied sites 

(Amaku et al., 2025). Pseudo-first-order and 

pseudo-second-order theoretical fitting 

parameters are listed in Tables 1 and 2, 

respectively. Results showed that the 

calculated amounts of metal adsorbed (qe,cal) by 

the pseudo-first-order model differ 

substantially from those measured 

experimentally, whereas those obtained from 

the pseudo-second-order kinetic model are 

very close to experimental data despite high 

correlation coefficient values, suggesting that 

the adsorbent systems can be well described by 

the pseudo-second-order kinetic model (Lee & 

Choi, 2018; Alwared & Sadiq, 2019)  
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Fig. 15: Pseudo-second order plot of t/qt vs t for adsorption of the metal ions onto 

charcoals 

 
Fig. 16: Pseudo-second order plot of t/qt vs t for adsorption of the metal ions onto pure 

silica 

Table 2. Pseudo-second-order kinetic parameters at 30 °C 

 

onstant Pure Silica Charcoal 

Pb(II) Cd(II) Ni(II) Pb(II) Cd(II) Ni(II) 

qe cal(mg/g) 7.5019 7.5019 7.5019 7.5019 7.5018 7.5075 

qe expt (mg/g) 7.4999 7.4988 7.4981 7.4999 7.4973 7.4991 

k2(g/mg1min-

1) 

1.4215 1.2513 1.2087 1.5725 1.2171 1.1908 

ho(mg/g/min) 80.0000 70.4225 68.0227 88.4956 68.4932 67.1141 

R2 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 

3.3.3 Elovich model 

Elovich equation is also used successfully to 

describe second order kinetic assuming that the 

actual solid surfaces are energetically 

heterogeneous, but the equation does not 

propose any definite mechanism for adsorbate–

adsorbent (Zhang & Stanforth, 2005). It has 

been extensively accepted that the 

chemisorption process can be described by this 

semi-empirical equation (Low 1960; Gupta et 

al., 2019). The Elovich equation, developed for 

describing the kinetics of heterogeneous 

chemisorptions, assumes a heterogeneous 

distribution of adsorption (which defines 

heterogeneousity) or activation energies that 

vary continuously with surface coverage, and 

it’s widely used in liquid-solid. The Elovich or 

Roginsky–Zeldovich equation is generally 

expressed according to equation 5 (Akpanudo & 

Olabemiwo, 2024a,b) 
𝑑𝑞𝑡

𝑑𝑡 
 = αexp(-βqt)         (5) 

Where, α is the initial adsorption rate 

(mg/g/min), β is the desorption constant 

Pb(II):y = 0.1333x + 0.0113
R² = 1 Cd(II):y = 0.1333x + 0.0146
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(g/mg). If the adsorption fits the Elovich 

model, a plot (Figs 17 and 18) of qt versus ln 

(t) should give a linear relationship with a slope 

of (1/β) and an intercept of 1/β In (αβ). In other 

words, the parameter α represents the rate of 

chemisorptions, and the parameter β is related 

to the extent of surface coverage and the 

activation energy of chemisorptions. To 

simplify the Elovich (equations 5), 

(Renugadevi  et al., 2011) assumed αβ ≫ 1 and 

applying the boundary conditions qt=0 at t=0 

and qt=qt at t = t, equation 5 becomes: 

qt = 
1

𝛽
𝐼𝑛 (𝛼𝛽) +

1

𝛽
𝐼𝑛(𝑡)  (6) 

The coefficients of correlation (R2 values) were 

all high for the two adsorbents, indicating that 

the model adequately described the 

experimental data. 

 
Fig..17: Elovich plot for the Adsorption of metal ions onto charcoals 

 
Fig. 18: Elovich plot for the Adsorption of metal ions onto pure silica 

 

Table 3: Elovich model parameters for the adsorption of metal ions onto charcoals and pure 

silica 

 

Constant Pure Silica Charcoal 

Pb(II) Cd(II) Ni(II) Pb(II) Cd(II) Ni(II) 

B 89.2857 82.6446 74.6269 96.1538 81.3008 76.3359 

A 20.2379 20.2224 20.2039 20.2496 20.2153 20.2109 

R2 0.9394 0.9374 0.9277 0.9064 0.9489 0.9327 

 

3.4 Intraparticle diffusion models   

The transport mechanism of adsorption could 

be either film-diffusion controlled or particle 

diffusion controlled. Adsorption of solute 

particles involves the following diffusion 

processes: the diffusion of the adsorbates 

(metal ions) through the bulk of the solution to 

the film surrounding the adsorbents, and then 

into the micropores and macropores of the 

adsorbents. Several models have been 

proposed for studying the mechanism of 

adsorption processes by intraparticle 

diffusivity, including those presented below.  
 

3.4.1 McKay & Poots model 
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This model equation as developed by McKay 

and Poots states that the amount of solutes 

adsorbed can be expressed in terms of the 

square root of time and is expressed as: 

Alshammari et al., 2025).   

   qt = Xi + kit1/2   (7) 

Where Xi is the boundary layer diffusion 

effects (mg/g), Ki is the intraparticle diffusion 

rate constant (mg/g min0.5). The plots of the 

amount of metal ions adsorbed, qt, against the 

square root of time, t1/2 for the adsorption 

process are shown in Figs. 19 and 20. The slope 

of the linear plots gives the initial rate of 

sorption controlled by intraparticle diffusion, 

K´ (mg g-1min-0.5) while the extrapolation of 

the linear plots to the time axis gives the 

intercepts of the plots, Xi (mg/g) which is 

proportional to the boundary layer thickness. 

The intraparticle diffusivity parameters and the 

correlation coefficients (R2 values) are 

presented in Table  4. The high values of Xi i.e. 

boundary layer thickness, depict higher 

adsorption capacities. The boundary layer 

gives an insight into the tendency of the metal 

ions to adsorb to the adsorbent phase or remain 

in solution. Since diffusion takes place, the 

boundary layer is viewed as a viscous drag 

existing between the adsorbent surfaces and the 

metal ion solutions diffusing across its surface. 

As shown in Table .4, the boundary layer 

thickness varied from 7.4623 to 7.4727 mg/g, 

which is an indication of high adsorption 

capacity of the metal ions by the adsorbents. 

Generally, it could be seen that the model to a 

good approximation, fits the experimental 

adsorption data as observed from the high R2 

values, which ranged from 0.9064 to 0.9489 

and also confirms that the sorption process may 

be intraparticle diffusion controlled (Gao et al., 

2017).  

 

 
Fig. 19: McKay and poot intra particle Diffusion Model for the 

Adsorption of Pb(II), Cd(II) and Ni(II) ions onto charcoals 
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Fig. 20: McKay and poot intra particle Diffusion Model for the 

Adsorption of Pb(II), Cd(II) and Ni(II) ions onto pure silica. 

 

Table 4: Adsorption parameter based on McKay and Intra particle Diffusivity Models for 

Pb(II), Cd(II) and Ni(II) ions adsorption onto charcoal and pure silica 

 

Constant Pure Silica Charcoal 

Pb(II) Cd(II) Ni(II) Pb(II) Cd(II) Ni(II) 

Xi 7.4699 7.4663 7.4623 7.4726 7.4641 7.4643 

Kid(mg/g 

min0.5) 

0.0026 0.0028 0.0031 0.0024 0.0029 0.0031 

R2 0.9394 0.9374 0.9277 0.9064 0.9489 0.9327 

4.0 Conclusion 

The study indicated that the adsorption 

behavior of Pb(II), Cd(II), and Ni(II) ions onto 

pure silica and charcoal can be further 

explained by the physicochemical properties of 

the adsorbents revealed from FTIR, SEM, and 

EDX analyses. FTIR spectra indicated the 

presence of key functional groups such as –OH, 

–Si–O–Si–, –C=O, and –COOH on the 

adsorbent surfaces, which are known to 

enhance metal ion binding through electrostatic 

attraction, complexation, and hydrogen 

bonding (Igwegbe et al., 2021; Azzam et al., 

2022). The intensity of these functional groups 

suggests a higher density of active sites on 

charcoal compared to silica, which correlates 

with the higher adsorption efficiencies 

observed for Pb(II), Cd(II), and Ni(II) ions on 

charcoal at the optimal pH and contact time. 

SEM images of both adsorbents revealed 

porous and rough surface morphologies, which 

provide a high surface area for adsorption. 

Charcoal exhibited a more heterogeneous and 

highly porous surface compared to silica, 

facilitating greater diffusion and penetration of 

metal ions into the adsorbent matrix. This 

supports the observed kinetics, where rapid 

adsorption occurred within the first 80 min, 

followed by equilibrium, consistent with the 

multilayer adsorption and the presence of 

heterogeneous active sites as described by the 

Elovich model. 

EDX analysis confirmed the presence of 

adsorbed Pb, Cd, and Ni ions on both 

adsorbents after the adsorption process. The 

EDX spectra showed strong signals 

corresponding to the respective metal ions, 

providing direct evidence of successful uptake. 

The relative intensities of these peaks were 

higher for charcoal, further corroborating the 

superior adsorption capacity of charcoal 

compared to silica. 

The combined FTIR, SEM, and EDX results 

provide a mechanistic insight into the 

adsorption process: (i) the functional groups 

identified by FTIR act as binding sites for metal 

ions through electrostatic and chemical 

interactions, (ii) the porous and rough structure 

observed via SEM facilitates diffusion and 

accessibility of the ions to active sites, and (iii) 

the actual accumulation of metal ions on the 

adsorbents, evidenced by EDX, confirms the 

efficiency and capacity of the adsorbent 

surfaces. These structural and compositional 

characteristics explain the pH-, temperature-, 

and time-dependent adsorption behavior 

observed in the present study, supporting the 

conclusions drawn from kinetic and 

intraparticle diffusion analyses. 
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