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ABSTRACT 
The use of raw maize cob (rmc) and activated maize cob (amc) as a low-cost 
natural adsorbent for the removal of Pb2+ and Cu2+ ions from simulated waste 
water was studied. Batch experiments were conducted to determine the effects 
of varying contact time, initial metal ion concentration, adsorbent dosage, pH 
and temperature of adsorption on adsorption equilibrium quantity (qe ) and 
percentage removal (% R). % R increased with increasing adsorbent dosage for 
the two metal ions. It also increased with increase in temperature from 20 °C to 
70 °C for Cu2+ but decreased with temperature increase for Pb2+ in the same 
temperature range. The maximum adsorption of Pb2+ was found to be 92.68 % at 
contact time of 105 minutes and pH of 6 for rmc and 95.23 % at contact time of 
45 minutes and pH of 12 for amc. The adsorption of Cu2+ was found to be 
maximum 89.15 % at pH of 12 and contact time of 75 minutes for rmc and 
99.62 % at pH of 10 and contact time of 30 minutes for amc. Thermodynamic 
parameters such as ∆H and ∆S were determined. On rmc, ∆H and ∆S for Pb2+ 
were -31.70 kJ/mole and -81.31 J/mol/K respectively while those of Cu2+ were 
30.39 kJ/mole and 114.82 J/mol/K. On amc, ∆H and ∆S for Pb2+ were -32.26 
kJ/mol and -79.50 J/mol/K respectively while those of Cu2+ were 22.88 kJ/mol 
and 92.12 J/mol/K respectively.  The kinetics of the adsorption mechanism of 
Cu2+ and Pb2+ on the adsorbents was evaluated using Pseudo-first order 
(Lagergren) rate, Pseudo-second order (Ho-model) rate, Elovich equation, power 
function and intra-particle diffusion. The results showed that Pseudo-second 
order model provides a more appropriate description of the metal ions 
adsorption onto the adsorbents (rmc and amc). Adsorption isotherms were 
determined and correlated using Langmuir, Freundlich, Harkins and Jura, 
Temkin, Halsey and Dubinnim-Radushkevich models. It was found that 
Freundlich,  Temkin, Langmuir and Halsey models best fitted the isotherm data. 
FTIR and SEM analyses were carried out on rmc and amc to determine their 
structural information. These morphological investigations showed that rmc has 
rough structures without any crack while amc has active pores at the surface 
which enhance its adsorption capacity. It is therefore concluded that both rmc 
and amc can be used as an effective adsorbents for removal of heavy metals  
(Pb 2+ and Cu2+) from waste water. 
 

Keywords: Copper, Lead, Maize cob, Adsorption, Adsorbent, Wastewater,  
                   % removal. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background Information 

  For the survival of most living organisms, especially delicate organisms and 

human being, water is an indispensable component. Adequate supply of fresh 

and clean water is a basic need for all human beings on the earth, but millions of 

people from destitute sections of the society are deprived of fresh and clean 

water and are forced to take contaminated water.  Fresh water sources all over 

the world are threatened due to poor management, ecological degradation and 

over exploitation (Nadia et al., 2009).  

Unlike organic pollutants which are biodegradable, heavy metals like Cr, Ni, 

Cd, Pb, Cu, Zn etc are not biodegradable, and their increasing concentration in 

the environment is detrimental to a variety of living species.  They are mainly 

released through anthropogenic means in the environment and are some of the 

major pollutants of soil and water resources (Loubna et al., 2007).  

Some metals such as copper, zinc and iron are considered bio-essential to 

humans while others such as cadmium, lead, mercury and chromium are highly 

toxic even at low concentrations. However, even bio-essential metals may cause 

physiological and ecological problems if present at certain higher 

concentrations. Excessive ingestion of these metals by humans can cause 

cumulative poisoning, cancer, nervous system damage and ultimately death.   

This forms the basis for the increasing research with a view to remedying their 

levels in the environment and also the growing concern by governmental 

agencies for the regulation of the discharge of these metals into the environment 

(Okuo & Ozioko, 2001). 
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Different methods for the removal of toxic metals from aqueous systems have 

been reported by different researchers. These methods include chemical 

precipitation or coagulation, ion exchange resin, use of commercially activated 

carbons, extraction and membranes processes. However, the application of these 

methods is often limited due to their inefficiency, high capital investment and 

operational costs. Consequently, there is a growing   requirement   for   novel, 

efficient and effective techniques for the remediation of metal bearing waste 

water before their discharge into the environment. Of all these methods, 

adsorption onto natural adsorbents has proven to be an efficient and relatively 

inexpensive option for the removal of heavy metals from waste water (Aydin et 

al., 2008; Khan et al., 2004; Rafika et al., 2009).  

Other advantages of using natural adsorbents like agricultural wastes for waste 

water treatment by adsorption include simple techniques, requires little or no 

processing, good adsorption capacity, low cost, wide spread availability and 

easy regeneration if required (Forgass et al., 2004; Mutambanengwe, 2006; 

Robinson et al., 2001).   

From an environmental protection point of view, heavy metal ions should be 

removed at the source in order to avoid pollution of natural water and 

subsequent metal accumulation in the food chain.  

           Adsorption has been shown to be an economically feasible alternative method 

for removing heavy metals from waste water and water supply (Dakiky et al., 

2002; Peterlene et al., 1999). Biosorption technology, utilizing natural materials 

or industrial and agricultural wastes to remove metal from aqueous media, is 

often an efficient and cost-affordable alternative to traditional chemical and 

physical remediation and decontamination techniques since the cost of these 

processes are rather expensive.  
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1.2 CONVENTIONAL PROCESSES FOR THE HEAVY METAL 

REMOVAL   

Numerous treatments for heavy metal removal from contaminated water have 

already been applied years ago and can be divided into biological, physical and 

chemical processes. However, in most treatments, physical and chemical 

processes are more pronounced. The conventional methods include chemical 

precipitation, membrane filtration, ion exchange, reverse osmosis, 

electrodialysis, solvent extraction, evaporation, oxidation and activated carbon 

adsorption (Yu et al., 2000). 

1.2.1 Chemical Precipitation   

Heavy metals can be removed from inorganic effluents by using chemical 

precipitation. The most common method used is precipitation of heavy metals 

as hydroxides. This process is pH dependent. The conceptual mechanism of 

heavy metal removal by chemical precipitation is presented in the equation   

                               M2+ + 2(OH) − ↔ M (OH) 2↓                                         

where: M2+ is the dissolved metal ion  

OH−  the precipitant  and  

 M(OH)2 the precipitate of the insoluble metal hydroxide   

In wastewater technology, more than one metal could be present and usually at 

high concentration levels. Therefore, the most effective pH for their removal 

must be determined before treatment. Table 1.1 shows pH ranges for the 

formation of metal hydroxides. After achieving basic pH conditions (pH = 11), 

the dissolved metal ions are converted to their insoluble solid phase using a 

chemical reaction with a precipitant agent such as lime (Kurniawan et al, 2006).  
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Table 1.1:   Ranges of pH for precipitation of metal hydroxides  

Metal pH range 

Cadmium 9.0 - 11.0 

Chromium (III) 6.5 - 7.0 

Copper 7.0 - 7.5 

Iron (III) 5.0 - 5.5 

Lead 8.5 - 9.0 

Nickel  9.0 - 11.0 

Silver  9.0 - 12.0 

Zinc 8.0 - 8.5 

 

Some of the metals require reduction before they can be precipitated as 

hydroxide, for example, Cr (VI) must be reduced to Cr (III). Additionally, some 

of the metals require oxidation, such as As (III). It must be oxidized to As (V) 

before it can be precipitated as hydroxide (Yadav, 2007). For chemical 

precipitation, it is necessary to use large amount of chemicals to reduce metals 

to an acceptable level of discharge, which is one of the main drawbacks of this 

method. Other disadvantages are its excessive sludge production that requires 

further treatment, increased costs due to sludge disposal, slow metal 

precipitation, poor settling, the aggregation of metal precipitates, and the long-

term environmental impacts of sludge disposal (Aziz et al., 2008; Kurniawan et 

al., 2006). 

1.2.2 Coagulation-Flocculation    

One of the techniques that can be used to remove heavy metals from water   is 

by coagulation–flocculation. Coagulation is a process that destabilizes colloidal 

particles by adding a coagulant, which results in sedimentation. Flocculation 

follows the coagulation process and it is used to increase the particle size and 
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form bulky floccules. To achieve all these, it is necessary to adjust pH and to 

add ferric/alum salts as coagulant to overcome the repulsive forces between 

particles. Coagulation–flocculation process can be used to treat inorganic 

effluents with a metal concentration below 100 mg/L or above 1000 mg/L. 

Similar to chemical precipitation, it has been concluded that effective pH for 

improvement of heavy metal removal using coagulation–flocculation ranges 

from 11.0 to 11.5. Despite all of the advantages, coagulation–flocculation has 

limitations because of high operational costs caused by consumption of 

chemicals. Also, during coagulation–flocculation process large amounts of 

sludge are formed, which limit the usage of this method in practice (Kurniawan 

et al., 2006).    

1.2.3 Flotation    

Flotation can separate solids or dispersed liquids from a liquid phase using 

bubble attachment. As the bubbles rise in the liquid, the attached particles are 

separated from the suspension of heavy metal. Flotation can be classified as:    

(i) Dispersed-air flotation 

 (ii) Dissolved-air flotation (DAF) 

 (iii) Vacuum air flotation 

  (iv) Electro flotation 

 (v) Biological flotation.    

Among the various types of flotation, DAF is the most commonly used for the 

treatment of metal-contaminated wastewater. The metal pollutants are removed 

by the foaming effect in the adsorptive bubble separation. The floating target 

substances are kept in the foaming phase away from the liquid phase. Though 
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flotation is only a physical process, the potential for industrial application 

makes it important in heavy metal removal (Kurniawan et al., 2006).   

1.2.4 Membrane filtration    

Membrane filtration process can remove the suspended solids and organic 

compounds as well as the inorganic contaminants like heavy metals, hence 

receiving attention for treatment of inorganic effluent. There are various kinds 

of membrane filtration that can be applied for heavy metal removal. They are 

categorized by the size of the retained particle as ultrafiltration, nanofiltration 

and reverse osmosis (RO) (Kurniawan et al., 2006).  In ultrafiltration (UF), the 

substances like heavy metals, macromolecules and suspended solids bigger than 

the pore size of 5-20 nm will be separated from the inorganic solution when 

passed through the membrane (Vigneswaran et al., 2004). It is a pressure-driven 

purification process in which water and low molecular weight substances 

permeate a membrane while particles, colloids, and macromolecules are 

retained. The primary removal mechanism is size exclusion, although the 

electrical charge and surface chemistry of the particles or membrane may affect 

the purification efficiency.   

 Nanofiltration (NF) has characteristics between UF and RO membranes. It is 

unique due to its small pore size and membrane surface charge. As a result, not 

only the bigger neutral solutes and salts are rejected by the membrane but also 

the charged solutes smaller than the membrane pores. RO employs high 

pressure to enforce the passage of water through the membrane removing the 

heavy metals.  RO is when a pressure is applied to the concentrated side of the 

membrane forcing purified water into the dilute side, the rejected impurities 

from the concentrated side being washed away in the rejected water. Compared 

to UF and NF, RO is considered more effective for heavy metal removal from 

inorganic solutions (Kurniawan et al., 2006).   
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Applications that have been reported for RO processes include the treatment of 

organic containing wastewater, wastewater from electroplating and metal 

finishing, pulp and paper, mining and petrochemical, textile, and food 

processing industries, radioactive wastewater, municipal wastewater, and 

contaminated groundwater (Ghabris et al., 1989; Williams et al., 1990). The 

main disadvantage of membrane filtration is high investment and operational 

costs. Also, the membranes are prone to fouling.      

 1.2.5 Ion exchange     

Another method used regularly in heavy metal removal from water is ion 

exchange. It utilizes an insoluble substance (resin) to remove the target ions 

from an electrolytic solution between the solid and liquid phases. This 

interchange is reversible. While the resin absorbs the target ions it also releases 

chemically equivalent amount of chemically similar ions so that the structure of 

the resin remains the same (Rengaraj et al., 2001; Vigneswaran et al., 2004). 

The resin loaded with target metal is recovered by elution. With suitable 

reagents, the metal is removed from the resin and stays in a more concentrated 

form. The ion exchange removes the heavy metal effectively under acidic 

conditions at pH from 2 to 6. However the efficiency depends a lot on the 

characteristics of the ion exchanger (Kurniawan et al., 2006).  One of the 

limitations of the ion exchange is that not all heavy metals have proper counter 

ion exhcange resins. In addition, pretreatment, such as the removal of suspended 

solids in the wastewater, is required before starting the ion exchange process. 

Consequently, capital and operational costs are correspondingly high in ion 

exchange processes (Ahmed et al., 1998).   

1.2.6 Electrodialysis   

 Electro Dialysis (ED) is a membrane process, during which ions are transported 

through semi permeable membrane, under the influence of an electric potential. 
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The membranes are cation- or anion-selective, which basically means that either 

positive ions or negative ions will flow through. Cation-selective membranes 

are poly electrolytes with negatively charged matter, which rejects negatively 

charged ions and allows positively charged ions to flow through. 

 

Table 1.2 Lists of advantages and disadvantages of some conventional 

techniques used in heavy metal removal.  

METHOD ADVANTAGES DISADVANTAGES 
 

Chemical precipitation Inexpensive, simple, 
most of the metals can be 
removed  

Disposal problem, large 
amount of sludge produced  

(Abaliwano et al.,2008)  
Chemical coagulation Dewatering, sludge 

settling  
Large consumption of 
chemicals. High cost 
(Abaliwano et al.,2008) 

Ion exchange Metal selective. High 
regeneration of materials 

Fewer numbers of metal ions 
removed. High cost. (Rao 
et al.; 2010) 

Membrane process and 
Ultrafilteration 

High efficiency ( >95%  
for single metal),less 
solid waste produced, 
less chemical  
consumption 

Removal percentage (%) 
decreases with the presence 
of other metals. High initial 
and running cost. Low flow 
rates (Fu & Wang 2011) 

Using natural zeolite Relatively less costly 
materials. Most of the 
metals can be removed. 

Low efficiency 
(Fu & Wang 2011) 

Adsorption using 
activated carbon 

High efficiency ( > 99%) 
most of the metals can be 
removed 

No regeneration. High cost 
of activated carbon, 
performance depends on 
adsorbent 
 (Abaliwano et al., 2008). 

Electrochemical methods Pure metals can be 
obtained. Metal 
selective. No 
consumption of 
chemicals 

High running cost, high 
capital cost, initial 
solution pH and 
current density 
 (Rao et al., 2010) 
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Despite these methods being very costly, they contribute to most of the disposal 

problems and are even practicable for the treatment of water contaminated with 

heavy metals. The problems emerge during the conventional treatments which 

include high consumption of reagent and energy, low selectivity, high 

operational cost and generation of secondary pollutants (Wu et al., 2004). Apart 

from this, it is critical to look for an alternative treatment process to replace the 

conventional methods of removing heavy metals from polluted water sources.  

 1.3 Statement of Problem 

The environment has a way of multiplying and giving back what man gives to 

it, so man has become a snare to himself by constantly discharging harmful 

substances into his environment. The currently practiced technologies for 

removal of heavy metals from industrial effluents appear to be inadequate, 

creating often secondary problems with metal-bearing sludge that are extremely 

difficult to dispose of. The threat of heavy metals in the environment multiplies 

because of their extreme toxicity, tendency to bioaccumulate and persistency in 

the food chain even in relatively low concentrations. Lead is known to have 

adverse effects especially on children, causes anemia, cancer, reproductive 

disorders, hormone imbalance while copper causes gastrointestinal disorders, 

neurotoxicity, reproductive/developmental toxicity, etc. Hence the need for 

removal of these heavy metals from waste water using a low cost adsorbent 

(maize cob) that has no side effect. 

1.4 Aim 

To investigate the sorption capacity of raw maize cob waste and acid activated 

maize cob in the removal of copper (II) ion and lead (II) ions from simulated 

waste water.   
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1.5 Objectives of the Study  

  The objectives of this study include 

(i) Investigation of the removal efficiency and sorption capacity of heavy 

metals (Cu and Pb) by raw maize cob and activated maize cob using 

simulated waste water.  

(ii) Investigation of the basic parameters that influence the adsorption 

process.  

(iii) Investigation of the adsorption isotherms, mechanism, adsorption 

kinetics and thermodynamic parameters.    

(iv) Determination of the functional groups or active sites of the 

adsorbents. 

(v) Visual confirmation of surface morphology of the adsorbents  
 

1.6 Justification of Study 

The significance of this research work includes 

(i) Nature and Environment: The production of powdered maize cob can 

reduce the level of pollution and/or purify water by adsorption of heavy 

metals in water samples without any adverse effect. 

(ii) Usage of Biomass/waste to wealth project: The abundance of biomass 

(maize cob) has contributed the chance to implement “waste to wealth” 

project. 

(iii) Effectiveness: The powdered maize cob produced is effective in 

quality and cost. This is because the production method is easy. 

(iv) Economy: The availability of maize cob is in abundance 

 

1.7 Scope of Study 

This research study focuses on the adsorption properties of raw maize cob and 

acid activated maize cob for the removal of copper (Cu) and lead (Pb) from 
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simulated waste water in batch systems. The functional group (or active sites) 

and surface morphology of the adsorbents was characterized using Fourier 

Transform Infra-red (FTIR) spectrophotometer and Scanning Electron 

Microscopy (SEM) respectively. Experimental parameter affecting the 

adsorption process such as effect of contact time, adsorbent dosage, initial 

concentration of the heavy metal ion, pH and temperature on the removal of 

copper and lead was investigated. The amount of metal ion adsorbed was 

determined using atomic absorption spectrophotometer (AAS). The adsorption 

kinetic models (Pseudo-first order and Pseudo-second order equations, Elovich 

model and power function), adsorption mechanism (intra-particle diffusion), 

adsorption isotherm models (Langmuir, Freundlich, Temkin, Harkins and Jura, 

Halsey and Dubinin-Radushkevich Isotherms) and thermodynamic parameters 

(Gibb’s and van’t Hoff equations) were investigated.  
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CHAPTER TWO 

                                           LITERATURE REVIEW  

2.1 Sources of Heavy Metals 

The term heavy metal refers to any metallic element that has a relatively high 

density and is toxic or poisonous at low concentrations. Examples of heavy 

metals include mercury, cadmium, lead, copper, arsenic, chromium and zinc.  

Heavy metals are natural components of the earth’s crust. They cannot be 

degraded or destroyed. To a small extent, they enter our bodies through food, 

water and air. As trace elements, some heavy metals (examples copper, 

selenium and zinc) are essential to maintain the metabolism of the human body. 

However, at higher concentrations, they can lead to poisoning (Wang & Chen, 

2009). 

Heavy metal poisoning could result, for instance from drinking water 

contaminated (example lead pipes), high ambient air concentrations near 

emission sources or intake via the food chain (Pande et al., 2013). 

Heavy metals are dangerous because they tend to bioaccumulate. 

Bioaccumulation is the increase in the concentration of a chemical in a 

biological organism over time compared to the chemical’s concentration in the 

environment. Compounds accumulate in living things any time they are taken 

up and stored faster than they are broken down (metabolised) or excreted. 

Heavy metals can enter a water supply by industrial and consumers wastes, or 

even from acidic rain breaking down soils and releasing heavy metals into 

streams, lakes, rivers and ground water (Alfarra et al., 2014) 

2.2 Toxicity of Heavy Metals 
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Heavy metals are natural constituents of the earth commonly known with 
properties such as having persistence, high toxicity and also serving as non-
biodegradable pollutants when they accumulate in the ecosystem.   Previous 
studies describe heavy metals as group of metals and metalloids with atomic 
density greater than 4 g/cm3 or 5 more times greater than the density of water 
(Jarup, 2003). Heavy metals can be classified into three different types 
including toxic metals (such as Hg, Cr, Pb, Zn, Cu, Ni, Cd, As, Co, Sn etc), 
precious metals (such as Pd, Pt, Ag, Au etc) and radionuclides (such as U, Th, 
Ra, Am) (Wang et al., 2006). 

Heavy metals penetrate into water systems from both natural and anthropogenic 
sources like mining, agricultural and industrial activities (Alluri et al., 2007). 

 Table 2.1 shows some details of the sources and toxicity of some heavy metals. 

Table2. 1: Heavy metals sources and their toxicity 

Heavy 

metal 

Sources Toxic effect References 

Cadmium Electroplating, 
smelting, alloy 
manufacturing, 
pigments, plastics 
and mining   

Itai-itai disease, 
carcinogenic, renal 
disorder, lung 
insufficiency, bone  
lesions, hypertension, 
weight loss. 

Momodu & 
Anyakora 2010; 
Sharma & 
Bhattacharyya, 
2005; Singh & 
Hasan, 2005 

Lead  Manufacturing of 
batteries, pigments, 
electroplating, and 
ammunitions. 

Anemia, brain damage, 
anorexia, malaise, loss 
of appetite 

(Ali et al., 2013;  
Low et al., 2000; 
Mataka et al., 2006) 

chromium Electroplating, 
paints and pigments, 
metal processing, 
steel fabrication and 
canning industries.   

Epigastric pain, 
nausea, vomiting, 
severe 
diarrhoea, Lung 
tumors, carcinogenic, 
metagenic, teratogenic 

Ali et al., 2013; 
Singh & Hasan 
2005 ;  
Rao et al., 2010 
 

Copper  Electronics plating, 
Paint 
manufacturing, wire 
drawing, copper 
polishing  
 
 

Reproductive and 
Developmental 
toxicity; neurotoxicity, 
acute toxicity,  
dizziness, diarrhea  

Ali et al., 2013; 
Bilal et al., 2013 
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Table 2.1 continued  

 

 

 The presence of heavy metals in the environment leads to a growing number of 

environmental problems such as deterioration of several ecosystems due to its 

persistent accumulation. For instance, nickel is one of the carcinogenic elements 

which cause serious lung and kidney problems, aside from gastrointestinal 

distress, pulmonary fibrosis and skin dermatitis if it exceeds its critical level 

(Borba et al., 2006). Instead of nickel, lead might also cause damage to the 

kidney, liver, and reproductive system. The toxic symptom of nickel are 

Arsenic  Smelting, mining, 
energy production 
from fossil fuels, 
rock sediments 

Bone marrow 
depression,  
haemolysis, 
liver tumors, 
gastrointestinal 
symptoms, 
cardiovascular and 
nervous system 
functions disturbances 

Momodu & 
Anyakora, 2010 

Mercury Volcanic eruptions, 
forest fires, 
batteries, 
amalgams,pesticides  

Corrosive to skin, 
eyes, muscles, 
neurological 
and renal disturbances 

Farooq et al., 2010 

Nickel Copper sulphate 
production, 
electroplating, non 
ferrous metal, 
mineral processing 

Reduced lung  
function, lung cancer, 
chronic bronchitis, 
dermatitis,  
chronic asthma 

Febrianto et al.,  
2009;  
Ozturk, 2007 
 
 

Zinc Mining and 
Manufacturing 
processes, metal 
plating, brass 
manufacturing, 
refineries 

Causes short term  
“mental fume fever”, 
gastrointestinal distress, 
nausea and diarrhoea 

Farooq et al., 2010 
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insomnia, headache, dizziness, irritability, weakness of the muscles, 

hallucination and renal damages ( Naseem & Tahir 2001).     

The emission of heavy metals into the environment from mining operations will 

pollute the surface and also the underground water sources. This may lead to 

soil pollution and the increasing rate of pollution when mined ores are dumped 

on the ground surface for manual dressing. When agricultural soils are polluted, 

these metals are taken up by plants and consequently accumulate in their tissues 

(Truesby, 2003).  Animals that graze on such contaminated plants and drinks 

from polluted waters, as well as marine lives that breed in heavy metals polluted 

water also accumulate such heavy metals in their tissues and milk, if lactating 

(Horsfall & Spiff 1999). 

Biosorption is a property of both living and dead organisms (and their 

components), and has been exploited as a promising biotechnology because of 

its simplicity (Bilal et al., 2013). Accordingly, biosorption can be defined as the 

removal of substances from solution by biological materials (Gadd, 2001). 

Biosorption describes any system which includes a sorbate (an atom, molecule, 

a molecular ion) working together with a biosorbent (a solid surface of a 

biological matrix) resulting in an accumulation at the sorbate–biosorbent 

interface and therefore a decrease of sorbate concentrations in the solution 

(Sasaki et al., 2013).  Table 2.2 below represents the advantages and 

disadvantages of used biosorbents. 
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Table 2.2 Advantages and disadvantages of used biosorbents 

Advantages Disadvantages 

Low operation cost if low cost 

biosorbents are used. Biosorbents are 

selective and regenerable.  

(Fu & Wang 2011) 

Shorter lifetime of biosorbents when 

compared with conventional sorbent 

(Fu & Wang,  2011) 

COD of waste water does not increase 

(Sahmoune et al., 2011)   

Early saturation that is, when metal 

interactive sites are occupied 

(Gadd, 2008) 

 

The process is simple in operation 

(Sahmoune et al., 2011)   

Recyclable and decomposable 

properties of biomass are delaying 

their long-term applications in 

adsorption processes  

(Sahmoune et al., 2011)   

 

2.3 ADSORPTION   

Adsorption is a process that occurs when a gas, liquid or solute accumulates on 

the surface of a solid or a liquid (adsorbent), forming a molecular or atomic film 

(the adsorbate). It is different from absorption, in which a substance diffuses 

into a liquid or solid to form a solution. The term sorption encompasses both 

processes of adsorption and absorption while desorption is the reverse process 

(Somojrai, 1993).   

Adsorption is operative in most natural, physical, biological, and chemical 

systems, and it is widely used in industrial applications such as activated 

charcoal, synthetic resins and water purification.   
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Similar to surface tension, adsorption is a consequence of surface energy. In a 

bulk material, all the bonding requirements (be they ionic, covalent or metallic) 

of the constituent atoms of the material are filled. But atoms on the (clean) 

surface experience a bond deficiency, because they are not wholly surrounded 

by other atoms. Thus it is energetically favourable for them to bond with 

whatever happens to be available. The exact nature of the bonding depends on 

the details of the species involved, but the adsorbed material is generally 

classified as exhibiting physisorption or chemisorption.   

Physisorption or physical adsorption is a type of adsorption in which the 

adsorbate adheres to the surface only through van der Waals (weak 

intermolecular) interactions, which are also responsible for the non-ideal 

behaviour of real gases.   

Chemisorption is a type of adsorption whereby a molecule adheres to a surface 

through the formation of a chemical bond, as opposed to the van der Waals 

forces which cause physisorption (Somojrai, 1993).  

Adsorption is usually described through isotherms, that is, functions which 

connect the amount of adsorbate on the adsorbent, with its pressure, (if gas) or 

concentration, (if liquid). One can find in literature several models describing 

process of adsorption, namely Freundlich isotherm, Langmuir isotherm, BET 

isotherm, Halsey, Harkins and Jura, Temkin etc. 

Adsorption involves an inter-phase accumulation or concentration of substances 

at a surface or interface. The process can occur at an interface between any two 

phases, such as liquid-liquid, gas-liquid, gas-solid, or liquid-solid interface. The 

material being concentrated or adsorbed is adsorbate and the adsorbing phase is 

termed as adsorbent. Adsorption from solution onto a solid occurs as the result 

of one of the two characteristic properties for a given solvent-solute-solid 

system, or a combination thereof.   
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i. The primary driving force for adsorption may be a consequence of lypophobic 

(solvent-disliking) character of the solute relative to the particular 

solvent.  

ii. A high affinity of the solute for the solid.   

For the majority of water and wastewater treatment systems, adsorption results 

from a combined action of the two forces. There are three types of adsorption:    

Ion-exchange adsorption is a process in which ions of one substance concentrate 

at a surface as a result of electrostatic attraction to charged sites at the surface.    

Physical adsorption is not site specific and is due to weak forces of attraction 

between molecules (van der Waals forces). Physical adsorption is generally 

reversible.    

Chemical adsorption takes place as a result of chemical bond being formed 

between the molecule of the solute and the adsorbent, comparable with those 

leading to the formation of chemical compounds (Sharma & Bhattacharyya, 

2005). 

 

2.4 FACTORS AFFECTING BIOSORPTION OF HEAVY METALS 

The effect of different operating parameters such as initial concentration of 

heavy metal, adsorbent dosage, temperature, particle size of adsorbent, effect of 

pH on the biosorption capacity and other factors are summarised in Table 2.3 

(Chonjnacka, 2010). 
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Table2. 3: Factors affecting biosorption 

Factors Effects 
Biosorbent dosage It decreases the quantity of biosorbed pollutant per unit  

weight of  biosorbent, but increases its removal 

efficiency. 

Initial pollutant 

Concentration 

It increases the quantity of biosorbed pollutant per unit  

weight of biosorbent, but decreases its removal  

efficiency. 

Solution pH It enhances biosorptive removal of cationic metals or  

basic dyes, but reduces that of anionic metals or 

acidic dyes. 

Temperature It usually enhances biosorptive removal of adsorptive  

pollutant by increasing surface activity and kinetic 

energy of the adsorbent, but may damage physical 

structure of biosorbent. 

Agitation speed It enhances biosorptive removal rate of adsorptive 

pollutant by minimizing its mass transfer resistance, but 

may damage physical structure of biosorbent.  

Ionic strength  It reduces biosorptive removal of adsorptive 

pollutant by competing with the adsorbate for  

binding sites of biosorbent.  

Biosorbent size It is favourable for batch process due to higher 

surface area of the biosorbent, but not for column  

process due to its low mechanical strength and 

clogging of the column 

Other pollutants 
Concentration 

If coexisting pollutant competes with a target  
pollutant for binding sites or forms any complex with  
it, higher concentration of other pollutants will 
reduce biosorptive removal of the target pollutant. 
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The removal of heavy metals from our environment especially wastewater is 

now shifting from the use of conventional adsorbents to the use of biosorbents. 

The presence of heavy metals in the environment is of major concern because of 

their toxicity, bioaccumulating tendency, and threat to human life and the 

environment. In recent years, many low cost sorbents such as algae, fungi 

bacteria and lignocellulosic agricultural by-products have been investigated for 

their biosorption capacity towards heavy metals.  The emphasis is on outlining 

the occurrences and toxicology of heavy metals and the biosorption capacity of 

biosorbents compared to conventional adsorbents. A detailed description of the 

adsorption properties and mode of action of these biosorbents is offered in order 

to explain the heavy metal selectivity displayed by these biosorbents (Igwe & 

Abia, 2006).  

 

2.5 NATURAL BIOSORBENT  

Agricultural waste materials are usually composed of lignin and cellulose as the 

main constituents (Beveridge & Murray, 1980). Other components are 

hemicelluloses, lipids, proteins, simple sugars, starches, water, hydrocarbons, 

ash and many more compounds that contain a variety of functional groups 

present in the binding process, for example carboxyl, amino, alcohol and esters 

(Gupta & Ali, 2000). These groups assumed to have the ability to bind heavy 

metal by replacement of hydrogen ions for metal ions in solution or by donation 

of an electron pair from these groups to form complexes with the metal ions in 

solution. Many researchers reported the relation between the presence of 

various functional groups and their complexation with heavy metals during 

biosorption process (Tarley & Arruda, 2004). A number of studies have 

highlighted the potential of inexpensive adsorbents prepared from agricultural 
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by-product (Babel & Kurniawan, 2003).  Benaissa 2006, has investigated the 

capacity of four inexpensive materials which are peels of peas, broad bean, 

medlar and fig leaves, to remove cadmium from aqueous solutions, and it was 

noted that the broad bean peel has the maximum adsorption capacity for Cd (II). 

Furthermore, Agave sisalana (sisal fiber) was proposed as a biosorbent for Pb 

(II) and Cd (II) ions from natural waters (dos Santos et al., 2011).  In addition, 

adsorption of Ni (II) ion from water was studied using two strains of Yarrowia 

lipolytica (Shinde et al., 2012).  A newly developed deep-sea bacterium, Pseudo 

alteromonas was reported as a biosorbent for Cd (II) removal from water (Zhou 

et al., 2013).   

2.5.1 Saw dust as biosorbent   

Saw dust has been widely studied to remove metal ions from waste water. A 

research group has carried out a comprehensive study on treated and untreated 

saw dust and the initial adsorption was observed to be very fast (Memon et al., 

2007). Popular Romanian fir tree sawdust (Abies alba) was investigated as 

biosorbent for Cd (II) removal from synthetic aqueous solution and showed 

good results (Nagy et al., 2013).  Chromium and nickel with enthalpy changes 

of -566.85 kJ/mol and 256.32 kJ/mol respectively were physisorbed on sawdust 

while cadmium with enthalpy change of 888.77 kJ/mol was chemisorbed on 

sawdust (Ibrahim, 2013). 

2.5.2 Tree Barks, stems and straw as biosorbent    

The capability of coniferous barks for removing toxic heavy metal ions was 

investigated too (Seki et al., 1997).    

Reddy et al. (2011) found that Moringa oleifera bark is very effective for the 

removal of Ni (II) from aqua solutions.  Baig et al. (2010) investigated the 

removal of As (II) from surface water by Acacia nilotica stems.  Moreover, Tan 

and Xiao, 2009 have examined the efficacy of ground wheat stems to remove 
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Cd (II) and they noted that blocking of the functional groups decreased the 

binding capacity of Cd (II) whereas increasing functional groups improved the 

binding capacity. In addition, Ghodbane et al., (2007) studied the effectiveness 

of eucalyptus bark as an inexpensive adsorbent for removing Cd (II) ions from 

aqueous solution, and stated that the bark is an excellent adsorbent for removing 

metals ions from wastewater with efficiency as good as traditional adsorbents 

with less cost. The Triticum aestivum straw powdered has been examined by 

Farooq et al., (2010) for Cd (II) removal. Han et al. (2013), has also 

investigated rice straw for Cd (II) removal from water.    

 

2.5.3 Shells and Husks as biosorbents  

In 2006, Pino et al. have reported that coconut shell - Coco’s nucifera- Powder 

is a potent and economical alternative for the biosorption removal of dissolved 

metals. Chromium adsorption in water was studied by Alves and Coelho, 2013 

using Moringa oleifera husks. The husk of a black gram (Cicer arientinum) was 

investigated as a new biosorbent of Cd (II) from low concentration aqueous 

solutions (Saeed & Iqbal, 2003). Moreover, the removal and recovery of Cd (II) 

from waste waters using a rice husk have been studied by Ajmal et al., (2003). 

Abdulrasaq and Basiru (2010) studied the use of coconut husk as a low cost 

natural adsorbent for the removal of Cu (II), Fe (III) and Pb (II) from simulated 

industrial effluent. The adsorption of Pb (II) was found to be maximum (94  % 

± 3.2) at pH 5, temperature of 100 °C, metal ion concentration of 30 ppm and 

contact time of 30 minutes. The adsorption of Cu (II) and Fe (III) had maxima 

of (92 % ± 2.8 and 94 % ±1.4) at a pH range of 5-7, metal ion concentration of 

50 ppm, temperature of 50 °C but at different contact times of 30 and 90 

minutes respectively.   

2.5.4 Bran/grains as biosorbents 
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A novel biosorbent rice polish has been successfully utilized for the removal of 

Cd (II) from wastewater by Singh and Hasan (2005). As a result, rice bran was 

evaluated for its potential use as a biosorbent for Cd (II), Cu (II), Pb (II) and Zn 

(II) (Montanher et al., 2005). The use of spent grain as a byproduct of the 

brewing industry was studied by Low et al., (2000), as adsorbent to remove Cd 

(II) and Pb (II) from aqueous solutions.    

2.5.5 Seeds as biosorbents  

Litchi chinensis seeds were indicated as an effective biosorbent for Ni removal 

from aqueous solutions (Flores-Garnica et al., 2013). Removal of Pb (II), Cu 

(II), Cd (II), Ni (II), As (II), Mn (II), and Zn (II) by Moringa oleifera seeds was 

examined (Obuseng et al., 2012). Jatropha curcas L. Seed’s hull has been 

investigated for Cd (II) and Zn (II) metals ions’ removal from aqueous solution 

(Ibrahim & Jimoh, 2010). In 2012, Strychnos potatorum seeds have been 

investigated by (Saif et al., 2012) to remove Cd (II) from aqueous solution.   

2.5.6 Leaves as biosorbents  

Cinnamomum camphora leave’s powder was investigated as a biosorbent for 

the removal of Cu (II) and Pb (II) ions from aqueous solutions (Chen et al., 

2010). Furthermore, it was reported that Moringa oleifera leaves extract is a 

good sorbent for Pb (II) from aqueous solution (Reddy et al., 2010). A batch 

adsorption study of Cd (II) ions from aqueous solution by Hevea brasiliensis 

(HB) leaf powder has also been reported (Hanafiah et al., 2006). Sharma and 

Bhattacharyya, (2005) have studied the adsorption of Cd (II) using neem leaf 

powder. In addition, the leaves of the olive tree (Olea europaea) were proposed 

as a novel adsorbent for the removal of Cd (II) from solutions (Hamdaoui, 

2009). Recently, extensive studies on Cd (II) adsorption taking powdered leaves 

of a variety of trees have been carried out (Pandey et al., 2008). 

2.6 CHARACTERISTICS OF SELECTED METALS 
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Among the most common heavy metals detected in urban runoff are: Lead (Pb), 

Copper (Cu), Chromium (Cr) and Cadmium (Cd). Because of high toxicity of 

these metals, it is necessary to remove them from runoff before they reach the 

receiving water body.  In order to apply appropriate treatment it is necessary to 

understand the nature of heavy metals in water and their environmental and 

health impact. This section gives insight into the chemistry, environment and 

health impacts of a few selected metals. 

2.6.1 Lead   

Lead is a main element of group 14 with symbol Pb (Latin: plumbum) and 

atomic number 82. It is a bluish-white metal of bright luster, very soft, highly 

malleable, ductile, and poor conductor of electricity. Lead has the highest 

atomic number of all stable elements (West et al., 1987). Lead can be found in 

nature as: PbCO3 (s) (cerussite), PbS (s) (galena), and PbSO4 (s) (anglesite). 

Concentration of lead in natural waters may range from <1.0 to 890 μg/L3 

(Faust & Aly, 1998). Physico-chemical speciation of lead indicates there is little 

or no free ionic lead present in drinking water. Depending on the composition of 

water a significant portion of lead is bound to colloids, either hydrous iron 

oxides or organic macromolecules. A substantial fraction is non-ion-

exchangeable (Moore & Ramamoorthy, 1984).  It is well known that lead is 

very resistant to corrosion. It was already used in Roman Empire for making 

pipelines and it is still used today. Lead is usually used as metal or in its dioxide 

form (for the storage batteries). As metal it is also used for cable covering, 

plumbing, ammunition, and in the manufacture of lead tetraethyl, used as an 

antiknock compound in gasoline. In metal form it is very effective as a sound 

absorber; it is used as a radiation shield around X-ray equipment and nuclear 

reactors, and it is used for vibration adsorption. For different purposes, lead is 

also used in building construction (West et al., 1987).     
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The sources of lead in urban runoff are numerous. Important sources for lead 

are building sites and atmospheric deposition (Davis et al., 2001). Close to the 

sources of lead, ecosystems show a wide range of harmful effects like losses in 

biodiversity, changes in community composition of plants and animals, and 

neurological effects in vertebrates. For centuries people are aware of the toxic 

properties of lead. People are exposed to lead in various quantities that can be 

found in food, air, and water. Care must be taken in handling lead, as it is a 

cumulative poison. The largest deposits of lead, once it is absorbed by the body, 

are in the bones followed by the kidneys and liver. Infants and young children 

are particularly sensitive to even low levels of lead (Sarkar, 2002). The 

Maximum Contaminant Level Goal (MCLG) for lead in drinking water is zero 

(Faust & Aly, 1998).       

2.6.2 Copper   

Copper is a chemical element with the symbol Cu (Latin: cuprum) and atomic 

number 29. Copper is reddish coloured, takes on a bright metallic luster, and is 

malleable, ductile, and a good conductor of heat and electricity (second only to 

silver) (West et al., 1987). In aquatic environments, copper can exist in three 

broad categories: particulate, colloidal and soluble form. The dissolved phase 

can contain both, the free ion as well as copper complexes with organic and 

inorganic ligands. The physico-chemical and hydro-dynamic characteristics, as 

well as the biological state of the water determine speciation of copper in 

natural waters (Moore & Ramamoorthy, 1984). In naturally occurring 

compounds copper is most often found with a valence of +2 (cupric). It can also 

be found in its pure metallic state (+0), as well as with +1 valence (cuprous). 

Less common, is +3 charge in complexes. In aquatic solutions, Cu (II) ions are 

more stable than in other oxidation states (Wong, 2004).     



27 
 

Free copper is predominant species only at pH < 6.0-6.5. In the pH range of 

most of the natural waters (6.5-9.5) the predominant copper species is CuCO3 

(Grooters, 1998).  The electrical industry is one of the greatest users of copper. 

Copper has wide use as an agricultural poison and as an algaecide in water 

purification. It is used as a building material, and a constituent of various metal 

alloys (West et al., 1987).     

Important sources of copper identified in urban runoff are building sites, vehicle 

brake emission, and atmospheric deposition (Davis et al., 2001). Despite 

universal toxicity at high concentrations, the +2 copper ions at lower 

concentrations are an essential trace nutrient to all higher plant and animal life. 

In animals, as well as humans, it is found widely in tissues, with higher 

concentrations in liver, muscles, and bones. Copper as an essential nutrient for 

humans and animals, has an adult recommended daily allowance of 2 to 3 

mg/day. In ionic form copper is absorbed from the gastrointestinal tract and 

lungs, and to a lesser degree, through the skin. Following absorption, copper is 

distributed to all parts of the body, especially the liver. There is no clear 

relationship between chronic exposure to copper and copper toxicity in adult 

mammals probably because of homeostatic mechanisms. The purpose of these 

mechanisms is to maintain a baseline copper level in the body and protect 

mammals from the adverse effects of different copper levels.  Copper ion 

exhibits high acute and high chronic toxicity to aquatic organisms, which can 

result in the death of the organism. The aquatic toxicity of copper ion depends 

on water quality factors such as acidity, presence of organic substances, 

calcium, and carbonate. Toxicity decreases as water hardness (concentration of 

calcium carbonate), alkalinity or total organic carbon content increases. Copper 

ion is known to bioconcentrate in certain aquatic species. The MCLG for copper 

is 1.3 mg/L in drinking water (Faust & Aly, 1998).   

2.6.3 Cadmium 
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Due to its acute toxicity, cadmium has joined lead and mercury in forming the 

“big three” of the heavy metal with the greatest potential hazard to humans and 

the environment (Saeed & Igbal, 2003). Much greater efforts will be needed in 

the future to reduce pollution from cadmium. The industrial uses of cadmium 

are widespread and increasing in electroplating, paint pigments, plastics and 

silver cadmium batteries.   The whole world’s annual production of cadmium is 

around 20,000 tons. Discharge of cadmium into natural waters is derived partly 

from the electroplating industries which account for about 50 % of the annual 

cadmium consumption in the U.S. Other sources of water pollution are the 

nickel –cadmium battery industry and smelter operations which are more likely 

to be fewer in number, but of a greater point-source significance, often affecting 

the environment at distances of a 100 km order of magnitude (Njoku, 2008). 

Cadmium has been established as a very toxic heavy metal. A disease known as 

“ itai-itai” in Japan is specifically associated with cadmium poisoning, resulting 

in multiple fractures arising from osteomalacia. Cadmium tends to accumulate 

in the human body (30 mg in an average American male), with 33 % in the 

kidneys and 14 % in the liver. (Saeed & Igbal, 2003). Chronic cadmium 

poisoning produces proteinuria and causes the formation of kidney stones. 

There is evidence of a link between cadmium and hypertension.  The main 

problem with cadmium in humans appears to be that the body seldom secretes 

as much cadmium as it absorbs.    In the U.S., the safety level of cadmium in 

drinking water has been set at 10 ppb. Sampling of surface waters has revealed 

some dangerously high cadmium levels (Njoku et al., 2007). 

2.6.4 Arsenic and Antimony 

These two elements are often found together in sulphide deposits. Arsenic is 

accumulative deadly poison and its presence in the body leads to loss of weight 

and appetite with accompanying gastrointestinal (GI) disorders. It is also 
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associated with lungs and skin cancer. Arsenic is not considered a universal 

hazard and it seems to be largely an occupational risk. However, there are 

significant amount of arsenic released into wastewater effluents originating 

from mining and smelting operations which can endanger larger populations. 

Arsenic is found in concentrations of up to 1 % in lead-zinc concentrates used in 

smelting. Antimony is not a very significant pollutant because of its limited uses 

by man. It is used in smaller quantities in alloys and is also used by the match 

manufacturing industries (Njoku, 2008). 

2.7 STRATEGIC AND PRECIOUS METALS  

In its position as a world superpower, the U.S. has been closely monitoring the 

supply and demand situation in the field of minerals, and metals in particular, 

required to sustain its economic and military strength (Mack et al., 2007). The 

Reagan administration in the U.S. probed deeply into the situation in the 

inventory of strategic  materials which made it realize how complex a problem 

it is to supply the nation and to keep it adequately supplied for a reasonable 

period of time even when unforeseen world circumstances make this more 

difficult. The American Mining Congress, backed by the U.S. Chamber of 

Commerce, claimed that the lack of access to mineral-rich public lands, 

unfavourable tax laws, and costly environmental regulations have resulted in a 

stagnation of the domestic mining industry and a declining minerals-processing 

industry.  As a consequence, the U.S. may have inadequate stockpiles of 

strategic materials and it is grossly dependent on countries that are 

economically, socially or politically unstable or are at the end of shipping lanes 

vulnerable to potential interferences from other superpowers or even local 

unfriendly political factions. 

Cobalt seems to be mentioned in every discussion concerning strategic minerals 

and the smooth running of the U.S. economic and industrial machines (Kuyucak 
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& Volesky, 1990). Although there are about 160,000 tons of known deposits of 

cobalt in the U.S., the metal was last mined there more than a decade ago.  This 

is simply because, it is much cheaper to buy cobalt on the world market, and for 

some reasons, 93 % of all cobalt consumed in U.S. is imported, mainly from 

central and South African countries subject to internal conflicts, guerilla wars or 

foreign invasions.  

In the meantime, and in general, strategic and precious metals are certainly most 

suitable targets for recovery wherever feasible (Umrania, 2006). The feasibility 

of the recovery operation depends to a large degree, on the sorbent agent used.  

Biosorbents constitute another opportunity for an economical recovery of high 

value metals from dilute aqueous processing or waste solution.   
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Materials  

Maize cob wastes: - raw and activated (adsorbents)  

Copper nitrate solution and lead nitrate solution (adsorbate) 

 Hydrochloric acid (HCl) 

Phosphoric acid (H3PO4) 

Sodium hydroxide (NaOH) 

Distilled water 

Volumetric flask  

Conical flasks and beakers  

Measuring cylinders and funnels  

Digital pH meter  

Oven  

Electrical or mechanical shaker 

Electronic weighing balance   

Water bath and thermometer  

Fourier Transform Infrared Spectrophotometer (FTIR) (Shimadzu-8400S) 

Scanning Electron Microscope (SEM) (PHENOM ProX) 
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PERKIN ELMER Atomic Absorption Spectrophotometer (AAS) AAnalyst 200 

Air tight containers  

Masking tapes    

3.2 METHODS  

3.2.1 Collection and preparation of maize cob (Biosorbent) 

Maize cob wastes were collected from shops in New market beside Enyimba 

stadium Aba, Aba South LGA of Abia state, Nigeria. The maize cob wastes 

were properly washed with running water from tap to remove any dirt and other 

particulate matter that might interact with any sorbed metal ions. This was 

followed by washing with distilled water and sun dry for some days. The dried 

samples were ground and sieved using 40 nm sieve. The samples were stored in 

separate plastic air tight containers for further analysis. Half of the samples 

were activated with phosphoric acid by mixing maize cob and phosphoric acid 

(14.8 M H3PO4) in the volume ratio of 1:3 and kept for 24 hours. After 24 

hours, the soaked maize cob was washed severally with distilled water. The 

acidity of the sample was repeatedly monitored until the pH reading was within 

the range of 6-7 (an almost neutral value). The sample was then dried again, and 

heated in a muffle furnace at 400   for 30 minutes. This was clearly labelled as 

activated maize cob (amc) as against raw maize cob (rmc).  

3.2.2 Preparation of heavy metal solutions (Sorbate)  

Stock solution of Cu2+ ion was prepared by weighing  3.80 g of Cu(NO3)2.3H2O 

into 1 litre (1000 mL) volumetric flask and made up with  distilled water to 

have 1000 mg/L Cu2+ ion concentration in solution. Stock solution of Pb2+ ion 

was prepared by weighing  1.60 g of  Pb(NO3)2  into 1 litre (1000 mL) 

volumetric flask and made up with distilled water to have 1000 mg/L Pb2+ ion 
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concentration in solution. The experimental solutions were prepared by diluting 

definite volume of the stock solutions to get the desired concentrations.  

3.3 Batch Adsorption Experiments  

The experiment for the removal of the copper and lead from aqueous waste was 

conducted in 250 mL air tight Erlenmeyer flask by taking 100 mL of a known 

concentration of the heavy metal solution at room temperature. For each run, 

weighed amount of adsorbent was placed in the flask and agitated on a 

mechanical shaker at constant pre-determined contact time at 150 rpm and 

filtered using Whatmann No. 1 filter paper to separate the adsorbent from the 

metal ion solution. The concentration of the metal ion in the filtrate was 

determined by using Atomic Absorption Spectrophotometer (AAS). All 

experiments were performed in triplicate and the mean value reported.    

3.3.1 Effect of Contact time on Biosorption 

The effect of contact time on amount of metal ion adsorbed was carried out in 

accordance with the previous work of Muthusamy et al., (2012). It was studied 

at constant initial concentration (100mg/L) of both metal ions (Cu2+ or Pb2+)  

and constant adsorbent dose (2 g) of the two adsorbents (rmc and amc) 

respectively, at room temperature (27±10C) with varying contact time from 15 - 

150minutes at 150rpm.  At the end of the contact time for each flask, it was 

taken out of the shaker and filtered using the standard whatman filter paper. The 

concentration of metal ion in the filtrate was determined using Perkin Elmer 

Atomic Absorption Spectrophotometer AAnalyst 200 model. The amounts of 

metal ion adsorbed were obtained by difference between the original 

concentration and the concentration in the filtrate. 

 3.3.2 Effect of Adsorbent Dosage 
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Effect of adsorbent dose was carried out according to the previous work of 

Sumanjit et al. (2007). The experiment was conducted by varying the  dosage of 

the two adsorbents (rmc and amc) from  2 g –10 g respectively at room 

temperature (27±10C), at constant initial concentration (100mg/L) of both metal 

ions (Cu2+ or Pb2+) respectively, at 150 rpm  and at constant contact time of 

their optimum adsorption. 

3.3.3   Effect of initial concentration of adsorbate 

 The experiment was conducted by varying the initial concentration of the heavy 

metals from 50-250 mg/L at constant adsorbent dose of 2 g at room temperature 

and at contact time of optimum adsorption. 100 mL of separate concentrations 

of metal ions ranging from 50 – 250 mg/L were each taken into 5 conical flasks 

containing a fixed mass of 2.0 g of the adsorbents (rmc or amc). The solutions 

were agitated at a fixed stirring speed of 150 rpm for a contact time of 30 and 

75 minutes for Cu2+ and 40 and 105 minutes for Pb2+ using amc and rmc 

respectively. The final concentration of each of the solutions was determined by 

Atomic Absorption Spectrophotometer (AAS). 

3.3.4. Effect of pH of metal ion solution 

This effect was examined by varying the initial pH of the heavy metal ion 

solutions from 2 to 12 for the two adsorbents, at constant initial concentration 

(100 mg/L) of the heavy metals, constant adsorbent dose (2 g) at room 

temperature and at contact times of optimum adsorption. 2 g of amc or rmc was 

added to 100 mLof 100 mg/L metal ion solution and the pH of the solution 

taken. 1 M HCl or 1 M NaOH was added to obtain the required pH of 2, 4, 6, 8, 

10, and 12.  The solution with the right pH was then placed on the mechanical 

shaker and agitated at fixed speed of 150 rpm for a contact time of 30 and 75 

minutes for Cu2+ and 40 and 105 minutes for Pb2+ using amc and rmc 
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respectively. The final concentration of each solution was determined by 

Atomic Absorption Spectrophotometer (AAS). 

 

 

3.3.5. Effect of temperature  

The experiment was conducted at different temperatures from 20  to 70C at 

constant initial concentration, constant adsorbent dose and contact time of 

optimum adsorption for the two adsorbents respectively. 100 mL of 100 mg/L 

of metal ions were each taken into 6 conical flasks containing a fixed amount of 

2 g of the adsorbent. The solution with required temperature was then placed in 

a water bath for a contact time of 30 and 75 minutes for Cu2+ and 40 and 105 

minutes for Pb2+ using amc and rmc respectively. It was then later placed in a   

mechanical shaker and agitated at fixed speed of 150 rpm for 5 minutes. The 

final concentration of each solution was determined by Atomic Absorption 

Spectrophotometer (AAS). 

3.4 ADSORBENT CHARACTERIZATION 

3.4.1 FTIR Analysis  

The Fourier transform Infra red (FTIR) analysis of amc and rmc was carried out 

by a FTIR equipment trademarked SHIMADZU FTIR-8400S incorporated with 

software (Perkin Elmer Instruments version 3.02.1) for the examination of the 

spectra. For sample analysis, 0.5 g of each sample was mixed with the same 

amount of potassium bromide KBr. The mixture introduced into a piston’s cell 

of a hydraulic pump with compression pressure 15 kPa/cm2, the solid 

transluscent disk was obtained which was introduced in an oven for 4hrs at 

1050C to ensure the non interference of any existing water vapour or CO2 

molecules. Then it was transferred to the FTIR analyzer and a corresponding 
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chromatogram was then recorded within the wave number range 4000- 450cm-1. 

FTIR study was used to identify the different functional groups (active sites) 

available on the adsorbents.     

 

3.4.2 Scanning Electron Microscopy (SEM)  

Surface morphology and texture of the adsorbents were analyzed using scanning 

electron microscope (SEM) (Model-PHENOM ProX). Prior to scanning, some 

quantity of the adsorbent was placed on a double adhesive sticker placed in a 

sputter machine for 5 sec; this gave the adsorbent a conductive property. 

Sample (adsorbent) stud was fixed on a charge reduction sample holder, and 

then was charged in the SEM machine.  

3.5 EQUILIBRIUM (ISOTHERM) STUDIES 

 Equilibrium experiments were conducted by contacting the adsorbents (rmc and 

amc) with solutions of different initial Concentration of Cu2+ and Pb2+ 

respectively ranging from 50mg/L to 250mg/L. The adsorbents doses were 2 g 

in 100ml of metal ion solutions. The series of such conical flasks were shaken 

on a rotary shaker at a constant speed of 150rpm. Samples were withdrawn for 

AAS analysis at predetermined duration of contact time ranging from 30 to 105 

minutes. The equilibrium metal ion concentrations (Ce) were then measured and 

the amount of metal ion adsorbed per unit weight of the adsorbents at 

equilibrium (qe) was determined.  

3.6 ADSORPTION KINETICS   

 The Batch adsorption kinetics tests were carried out at known initial ion 

concentration of 100mg/l for Cu2+ and Pb2+. The adsorbents (rmc and amc) 

doses were 2 g in 100cm3 solutions. The temperature was maintained at room 

temperature (27±10C). Agitations of the samples were carried out at a constant 

speed of 150rpm on the rotary shaker and the samples were withdrawn at 
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contact time of 15, 30, 45, 60, 90,105, 120, 135 and 150mins. The agitated 

samples were filtered using Whatman No. 1 filter paper and the concentration in 

the supernatant solutions analyzed using Atomic Absorption Spectrophotometer 

(AAS). 

3.7 DATA EVALUATION 

Percentage removal of the heavy metal by the adsorbent during the experiments 

was calculated using the formula  

           % Removal =   x     100 %                                                (3.1)                         

The amount of heavy metal adsorbed per unit weight of adsorbent at 

equilibrium was calculated as 

                         =   V                                                                    (3.2)                                          

where Co and Ce are initial and equilibrium (final) concentrations of heavy 

metal ions respectively. V is the volume (L) of experimental solution and w is 

the mass (g) of the adsorbent used.  
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CHAPTER FOUR 

                                      RESULTS AND DISCUSSION 

4.1 Equilibrium studies 

4.1.1 Effect of contact time  

The time taken to attain equilibrium for Cu2+ and Pb2+ at neutral pH, 

temperature of 27 °C and moderate speed at 150 rpm using 2 g of amc and rmc  

is shown in Fig 4.1 and Fig 4.2. The percentage removal of  Pb2+ by amc and 

rmc increased and attained equilibrium at 45 and 105 minutes respectively 

while that of  Cu2+  by amc and rmc increased and attained equilibrium at 30 and 

75 minutes respectively after which desorption took place in both cases. The 

results showed  that maximum adsorption of both metal ions was achieved at a 

lower contact time for the activated sample (amc). This is because activating an 

adsorbent helps to open up the pores (active sites) where adsorption takes place. 

The decrease in percentage removal of metal ion after reaching the maximum 

adsorption might be due to the saturation of adsorption sites of the adsorbents 

with the metal ions. It might also be due to the breakage of newly formed weak 

adsorption bonds due to constant agitation. 
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Fig.4.1: Effect of contact time on adsorption of Cu2+ and Pb2+ onto rmc 
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Fig. 4.2: Effect of contact time on adsorption of Cu2+ and Pb2+ onto amc 



41 
 

 

4.1.2 Effect of adsorbent dosage 

The effects of dosage of the adsorbents (rmc and amc) on Cu 2+ and Pb2+ 

percentage removal are shown in Fig.4.3and Fig.4.4.  The dependence of Cu2+ 

and Pb2+ sorption on the adsorbent dosage was studied by varying the amount of 

adsorbent dose from 2 g to 10 g while keeping other parameters (pH, 

temperature, concentration of metal ion and contact time) constant. It could be 

inferred that percentage removal for both metal ions increased with increase in 

adsorbent dosage from 2 g to 10 g. The increase in Cu2+ and Pb2+ percentage 

removal with increase in adsorbent dose was due to the greater availability of 

the exchangeable sites or surface area and functional groups at higher dosage. 

These functional groups were important in the formation of van der Waals 

bonding which plays a major role in binding metals to the adsorbent during 

adsorption process. Because of increase in the adsorbent dosage, the amount of 

metal ions adsorbed per unit mass (qe) decreases as shown in Fig 4.5 and 

Fig.4.6.  
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Fig 4.3: Effect of adsorbent dosage amc on percentage removal of Cu2+ and 
Pb2+ 
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Fig 4.4: Effect of adsorbent dosage rmc on percentage removal of  Cu2+ and 

Pb2+  
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 Fig. 4.6:  Effect of adsorbent dosage  rmc on  the amount of Cu2+ and Pb2+ ions 
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4.1.3 Effect of initial concentration of adsorbate 

The effect of initial concentration of adsorbate (Cu2+ and Pb2+) on the 

adsorbents (rmc and amc) are shown in Fig 4.7 and Fig 4.8. The initial 

concentration provides a driving force to overcome all mass transfer resistances 

of the metal ions in aqueous and solid phase (Malkoc & Nuhoghi, 2005). The 

amount of metal ion adsorbed increases with increase in initial metal ion 

concentration. The results showed that initial concentration of the metal ions 

(Cu2+ and Pb2+) increased as the amount of metal ion adsorbed increases for the 

two adsorbents. For an increase in initial concentration of metal ions from 50 

mg/L to 250 mg/L, the amount of Cu2+ adsorbed increased from 2.38 mg/g to 

10.23 mg/g for rmc and 2.42 mg/g to 10.65 mg/g for amc while for Pb2+ it 

increased from 2.41 mg/g to 10.42 mg/g for rmc and 2.44 mg/g to 11.02 mg/g 

for amc.  The increase in amount of metal adsorbed (adsorption capacity) was 

due to the higher adsorption rate and the utilization of active sites available for 

the adsorption at higher concentration (Siti et al., 2013). 
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Fig 4.7: Effect of initial concentration of Cu2+ and Pb2+ onto rmc 
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Fig 4.8: Effect of initial concentration of Cu2+ and Pb2+ onto amc  
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4.1.4 Effect of pH 

The effects of pH on the adsorption of Cu2+ and Pb2+ onto adsorbents are shown 

in Fig.4.9and Fig.4.10. This was studied at room temperature by varying the pH 

of metal ion solution from 2 to 12. The effect of solution pH on biosorption 

could be related to the active sites (surface functional groups on the biomass 

cell walls) and also to the chemistry of the solute in the solution. The pH value 

of the medium affects the equilibrium of the system as the equation of pH can 

be written as 

                pH = pKa + log                                                           (4.1) 

where [A-] and [HA] represent the concentration of deprotonated and protonated 

surface groups and the equilibrium constant pKa represent the carboxyl groups. 

The percentage removal of Cu2+ for both adsorbents increased with increasing 

pH from 2 to 12 while that of Pb2+ on rmc increased and attained a maximum at 

92.58 % but the percentage removal of  Pb2+ onto amc increased with pH. This 

was because at lower pH, the overall surface charge on the adsorbent would be 

positive, which would inhibit the approach of positively charged metal cations, 

consequently reducing metal ion binding on the adsorbent surface. At lower pH, 

the H+ ions compete effectively with the metal ions causing a decrease in 

adsorption capacity and percentage removal. At higher pH, the adsorbent 

surface is negatively charged thereby encouraging more metal ion uptake due to 

the electrostatic forces of attraction between the negatively charged adsorbent 

surface and the positively charged metal ion. These results are in agreement 

with what has been reported elsewhere in literature (Agbozu & Emoruwa,  

2014; Eruola, 2012; Ibrahim, 2013; Nadia et al., 2009 and Njoku 2008). 

Removal of metal ions at higher pH could also be attributed to the formation of 

their hydroxides which result in precipitates. This is consistent with the 
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observation of Lisa et al., 2004 and Xiao & Ju-Chang 2009.  Due to the 

interference of precipitates on the adsorption of Cu2+ and Pb2+ at higher pH, 

Kim et al. (2005), concluded that adsorption experiments for heavy metals are 

better performed at low pH. Cumulative effect of adsorption and precipitation 

has enhanced the removal efficiency at higher pH values (Chowdhury et al., 

2011). Therefore to ensure that it was truly adsorption, all experiments were 

performed at pH of 6.5.    
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Fig 4.9: Effect of pH on the adsorption of Cu2+ and Pb2+ onto amc 
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Fig 4.10: Effect of pH on the adsorption of Cu2+ and Pb2+ onto rmc 
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4.1.5. Effect of temperature 

The effects of temperature on the adsorption of metal ions onto the biosorbents 

are shown in Fig.4.11 and Fig 4.12. The percentage removal as well as 

adsorption capacity of Cu2+ in both rmc and amc increased with increase in 

temperature. This is because increase in temperature results in widening of 

pores on the active sites of the adsorbent which create more room for greater 

adsorption. Increase in adsorption with temperature may also be due to the 

increase in number of active adsorption sites generated as a result of breaking of 

some internal bonds near edge of active sites in the adsorbents (Pandey et al., 

1986).The increase showed that the adsorption of Cu2+ ions by rmc and amc 

were endothermic. The percentage removal as well as adsorption capacity of 

Pb2+ decreased with increase in temperature. Decrease in adsorption capacity for 

Pb2+ at higher temperature might be due to the damage of active binding sites in 

the biomass (Ajmal et al., 2003). It might equally be due to the fact that increase 

in temperature leads to increase in kinetic energy of Pb2+ ions and therefore 

weakening of the forces of attraction between the Pb2+ ions and the adsorbents. 

This results in decrease in percentage removal and adsorption capacity. The 

decrease revealed that the processes of adsorption for Pb2+ ions by rmc and amc 

are exothermic. 
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Fig 4.11: Effect of temperature on adsorption of Cu2+ onto rmc and amc 
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Fig 4.12: Effect of temperature on adsorption of Pb2+ onto rmc and amc 
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4.2 Thermodynamics studies 

Gibb’s free energy and van’t Hoff equations were used to study the effect of 

adsorption of metal ions (Cu2+ and Pb2+) on the adsorbents (rmc and amc) as 

shown in Fig 4.13 to Fig 4.16. From the study of the temperature dependence of 

biosorption of maize cob, the free energy change ∆G, enthalpy change ∆H and 

entropy change ∆S were calculated. Assuming that the activity coefficients are 

unity at low concentration in reasoning with Henry’s law, the apparent 

equilibrium constant  of the biosorption is defined as (Aksu, 2002; Han et al., 

2005) 

                 =       =                                                                   (4.2)                                 

where Co = initial metal ion concentration,  Cad,e   = the metal ion concentration 

on the adsorbent at equilibrium and Ce  = concentration of the metal ion at 

equilibrium. 

The   value is used in the equation below to determined the Gibb’s free 

energy ∆G of biosorption 

               ∆G = -RT ln                                                                              (4.3) 

Equilibrium constants  for Cu2+ ion biosorption increased with temperature 

while those of Pb2+ ion biosorption decreased with temperature. This is because 

their adsorptions onto the adsorbents are endothermic and exothermic 

respectively (Sag & Kutsal, 2000).  The Gibbs free energy equation is given by 

          ∆G = ∆H - T∆S                                                                           (4.4) 

Combining equations 4.3 and 4.4 and rearranging, we obtain the van’t Hoff 

equation;   ln   =      +                                                   (4.5)                        
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The enthalpy change ∆H and the entropy change ∆S can be obtained from the 

slope and intercept of the van’t Hoff plot of ln  against 1/T or the Gibbs plot 

of ∆G against T. The negative values of Gibbs free energy change ∆G at various 

temperatures suggested that the adsorption was rapid and feasible. This could be 

an explanation for high metal binding capacity shown by the adsorbents. The 

negative value of ∆G decreases with temperature, indicating that the 

spontaneous nature of Cu2+ ion biosorption is inversely proportional to the 

temperature (Aksu, 2002; Han et al, 2005).  The values of enthalpy change ∆H 

obtained for adsorption of Cu2+ ions onto rmc and amc are 30.39 kJ/mol and 

22.88 kJ/mol respectively. The positive values of ∆H confirm the endothermic 

process of adsorption. These results are also supported by the increase in the 

value of adsorption capacity of adsorbents with the rise in temperature. The 

increasing sorption capacity of the adsorbent with temperature is due to the 

enlargement of pores and/or the activation of the adsorbent surface (Han et al., 

2006).  Additionally, the value of entropy change ∆S of adsorption of Cu2+ onto 

rmc and amc are 114.82 J/mol/K and 92.12 J/mol/K respectively. The positive 

values of ∆S showed the increased degree of free active sites at the solid-liquid 

interface during the adsorption process. 

However, for the biosorption of Pb2+ ions onto rmc and amc, the negative value 

of ∆G increases with increase in temperature. The values of enthalpy change 

∆H are -31.70 kJ/mol and -32.26 kJ/mol while those of entropy change ∆S are     

- 81.31J/mol/K and -79.50 J/mol/K respectively. The negative values of ∆H 

indicated the exothermic behavior of the reaction. This showed that the 

interaction of Pb2+ ions onto the adsorbents is an energetically stable exothermic  

process and that adsorption occurred through a bonding mechanism (Elsayed et 

al., 2007; Rounak-Sharrif & Kafia-Shareef, 2011). The negative values for ∆G, 
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∆H and ∆S of Pb2+ ions confirmed that the adsorption processes proceed more 

at lower temperature. 
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Fig 4.13:  Gibb’s plot of adsorption of Cu2+ onto amc and rmc 

 



58 
 

290 300 310 320 330 340 350
-10

-8

-6

-4

-2

0

2

4

6

8
F

re
e

 E
n

e
rg

y 
ch

a
n

g
e

 (
G

 (
kJ

/m
o

l))

Temperature ((K))

 rmc
 amc

 

Fig 4.14: Gibb’s plot of adsorption of Pb2+ onto amc and rmc 
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            Fig 4.15: van’t Hoff’s plot of adsorption of Cu2+ onto amc and rmc 
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Fig 4.16: van’t Hoff’s plot of adsorption of Pb2+ onto amc and rmc 
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4.3 ADSORPTION KINETICS STUDIES 

Contact time from experimental results was used to study the rate limiting step 

in the adsorption process in terms of the kinetic energy. The overall adsorption 

process can be controlled either by one or more steps such as pore diffusion, 

surface diffusion or a combination of more than one step. To design the sorption 

systems, chemical kinetics is very important as it explains how slow and fast the 

rate of chemical reaction occurs and the factors affecting the sorption process of 

Cu2+ and Pb2+ ions onto the surface of adsorbents, pseudo first order (Lagergren 

equation), pseudo second order (Ho and Mckay equation), Elovich equation, 

power function and intra-particle diffusion model by Weber and Morris were 

adopted. 

4.3.1 Pseudo First Order Kinetic Model 

The pseudo first order kinetic equation of Lagergren model based on 

equilibrium adsorption is expressed as 

                                          = k1(qe-qt)                                                       (4.6) 

where qe and qt are the amount of adsorbed metal ion (mg/g) at equilibrium and 

at any time t, k1 is the first order rate constant (min-1). Integrating equation 4.6 

with respect to boundary conditions q = 0 at time t = 0 and    q =qt at time t = t. 

The simplified linearised expression of the first order kinetic is expressed as  

              log (qe-qt) = -   + log qe                                                                (4.7) 

The plot of log (qe-qt) against t gives the slope as –  and the intercept as log 

qe as shown in Fig 4.17 and Fig 4.18. The calculated values of rate constants k1 

and the corresponding linear regression of Cu2+ and Pb2+ onto rmc and amc are 

shown in Table 4.1. 
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Table 4.1: Pseudo first order  rate constant k1 and adsorption capacity qe of 

Cu2+ and Pb2+ onto rmc and amc  

Cu2+ ion     qe (mg/g) 

(experimental)                              

qe (mg/g) 

(calculated)                    

k1 R2 

 

rmc 4.47 

 

0.360                      5 x10-3                    0.054 

amc      4.62                           0.030 1.15 x 10-2 0.358     

Pb2+ ion 

 

    

rmc                

 

   4.64                        1.377                  2.07 x10-2           0.033 

amc 4.77                          0.056                   7x10-3             0.077 

 

From Table 4.1, it was observed that the rate constant k1 increased in the order 

of  Pb2+onto rmc <  Cu2+ onto amc <  Pb2+ onto amc < Cu2+ onto rmc. The 

values of R2 showed that the adsorption of Cu2+ and Pb2+ ions onto the 

adsorbents does not fit the pseudo first order kinetics. 
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Fig 4.17: Pseudo-first order plot for adsorption of Cu2+   and Pb2+ onto amc 
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Fig 4.18: Pseudo-first order plot for adsorption of Cu2+ and Pb2+onto rmc 
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4.3.2   Ho Pseudo Second Order Kinetics Model 

The pseudo second order kinetic equation is given by 

 = (qe- qt)
2                                                                                       (4.8) 

This can be linearised and expressed as Ho pseudo second order equation  

(Ho & Mckay, 1999) 

    = t   +                                                                            (4.9) 

Here k2 is the rate constant (min g/mg) of second order adsorption. The linear 

plot of  versus t gave  as slope and    as intercept as shown in Fig 

4.19and  Fig 4.20 for adsorption of Cu2+ and Pb2+ ions onto the two adsorbent 

rmc and amc. The value of k2 (min-1g/mg) can be calculated from the intercept 

       while can be calculated from the slope. Equation 4.9 can be inverted 

to obtain            =          =                                     (4.10) 

where h is the initial sorption rate as   approaches 0. 

Hence         h =                                                                     (4.11) 

Thus the rate constant k2 , initial sorption rate h, and predicted qe  can be 

calculated from the plot of    versus time t. The initial sorption rate h, pseudo 

second order rate constant k2 , amount of metal ions adsorbed at equilibrium qe 

and the corresponding linear regression coefficient R2 values are given in Table  

4.2 
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Table 4.2: Pseudo second order rate constants k2, initial sorption rate h and 

adsorption capacity qe of Cu2+ and Pb2+ onto rmc and amc.   

 

Cu2+  (mg/g) 

experimental 

 (mg/g) 

calculated 

k2 

(g/mg/min) 

h 

(mg/g/min) 

R2 

rmc 4.47 4.29 0.139 2.577 0.996 

amc 4.62 4.41 0.142 2.760 0.996 

Pb2+      

rmc 4.64 4.55 0.027 0.620 0.999 

amc 4.77 4.78 0.135 2.795 0.998 

 

It could be observed from Table 4.2 that the high R2 values fitted well into the 

pseudo second order model. The R2 values of 0.996 and above in the four cases 

analysed are far much higher than those of first order in the range of 0.033 to 

0.358. The higher R2 values confirm that the sorption process followed a pseudo 

second order mechanism (Kumar & Porkodi 2007). It could be observed that the 

pseudo second order expression predicts better the sorption kinetics than the 

pseudo first order model. This suggested the assumption behind the pseudo 

second order model that the metal uptake process is due to chemisorptions (Ho 

2003). Chemical sorption can occur by the polar functional groups of lignin 

which include functional groups of alcohols, aldehydes,  ketones, acids, 

phenolic hydroxides and ethers as chemical bonding agents (Vadivelan & 

Kumar 2005). From Table 4.2, it was observed that the predicted equilibrium 

sorption capacities  determined using second order model were in agreement 

with the experimentally determined equilibrium sorption capacities. Hence it 

appears that the system under consideration is more appropriately described by 
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the pseudo second model.  In addition, both the pseudo second order rate 

constant k2 and the initial sorption rate h of adsorption of Cu2+ and Pb2+ onto the 

amc are  both higher than their corresponding values for rmc. This is in 

agreement with their optimum contact time of adsorption. A similar result was 

previously reported by Ho (2003) and Chowdhury et al. (2010) for Cu2+ onto 

tree fern adsorbent and Pb2+ ion onto palm oil fuel ash POFA respectively.  This 

is based on the assumption that the rate limiting step may stem from the 

chemical adsorption involving valence forces through the sharing or exchange 

of electrons between the adsorbents and adsorbates (Ho & Mckay, 1999). 
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Fig 4.19: Pseudo-second order for adsorption of Cu2+ and Pb2+ onto amc 
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Fig 4.20: Pseudo-second order for adsorption of Cu2+ and Pb2+ onto rmc 
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4.3.3 Elovich Equation 

The Elovich equation (Sparks 1986) is generally given by 

      =  ln( ) +  ln t                                                                        (4.12) 

where  is the initial adsorption rate (mg/g) and   is the rate constant 

(mg/g/min) during any one experiment. A plot of  versus ln t yield a linear 

relationship with a slope of  and intersect of   ln ( ) if the sorption process 

fits the Elovich equation. As can be seen from Fig 4.21 and  Fig 4.22, the 

adsorption of Cu2+ and Pb2+ ion using rmc and amc do not fit the Elovich 

equation model since the plots do not give  straight line graphs. The values of  

and  for the two adsorbates and adsorbents are shown in Table 4.3. 
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Table 4.3: Elovich model parameters for the adsorption of Cu2+ and Pb2+ onto 

the adsorbents. 

Cu2+ (mg/g/min) (mg/g/min) R2 

rmc 378.14 2.710 0.618 

amc 3.41x1065 33.333 0.094 

Pb2+    

rmc 10.326 1.686 0.910 

amc 1.734x1033 18.182 0.089 
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Fig 4.21: Elovich plot for adsorption of Cu2+ and Pb2+ onto amc 
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Fig 4.22:  Elovich plot for adsorption of Cu2+ and Pb2+ onto rmc 
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4.3.4 Power Function 

Equation of power function is given by 

 log  = b log t + log a                                                                              (4.13) 

where a is initial rate and b is the rate constant. A plot of log  versus log t 

yield a straight line graph with a slope of b and intercept of log a as shown in 

Fig 4.23 and Fig 4.24. Table 4.4 showed the summary of the values obtained 

from power function plot. 

 

Table 4.4: Power function model parameter for the adsorption of Cu2+ and Pb2+ 

onto the adsorbents.     

Cu2+ a b R2 

rmc 4.09 0.022 0.816 

amc 4.50 0.007 0.122 

Pb2+    

rmc 4.48 0.008 0.370 

amc 4.78 0.004 0.050 

 

Looking at the graph of power function model (which is not linear) and the R2 

values, it could be said that the adsorption of Cu2+ and Pb2+  using rmc and amc 

biosorbents do not fit into the power function model. 
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Fig4.23: Power function plot for adsorption of Cu2+ and Pb2+ onto amc 
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Fig 4.24: Power function plot for adsorption of Cu2+ onto rmc 
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4.3.5  Intra-particle and film diffusion kinetics 

The basic assumption with intra-particle diffusion model is that film diffusion is 

negligible and intra-particle diffusion is the rate determining step (Venkata et 

al., 2008). According to Weber and Morris (1963), if the rate limiting step is the 

intra-particle diffusion, then the amount adsorbed at any time t should be 

directly proportional to the square root of contact time t and shall pass through 

the origin. This is defined mathematically as 

                   =                                                                            (4.14) 

 where   (mg/g) is the amount adsorbed at time t (min.) and   (mg/g/min0.5) 

is the intra-particle rate constant. The Weber and Morris plots (Fig 4.25 and Fig 

4.26) are not linear; this suggested that the rate determining step is not only 

governed by intra-particle diffusion. Some other mechanism along with intra-

particle diffusion was involved. The slope of the plot gives  while the 

intercept is C, the boundary layer effect. The larger the intercept observed, the 

greater will be the contribution of the surface sorption in the rate controlling 

step (Hassanein & Koumanova, 2010; Satish et al., 2011).  

 Table 4.5 showed the summary of values obtained from the intra-particle model 

plot. 



78 
 

 

Table 4.5: Intra-particle diffusion model parameters for the adsorption of Cu2+ 

and Pb2+ onto the adsorbents.     

Cu2+    
(mg/g/min0.5) 

C (mg/g) R2 

rmc 0.087 3.358 0.482 

amc 0.012 4.608 0.205 

Pb2+    

rmc 0.152 2.873 0.839 

amc 0.007 4.544 0.019 

 

It is always important to predict the rate limiting step in an adsorption process to 

understand the mechanism associated with the phenomenon. For a solid- liquid 

adsorption process, the solute transfer is usually characterized by either external 

mass transfer or intra particle diffusion or both. According to Sharma and Nandi 

(2013), it is assumed that the mechanism for metal ion removal by adsorption 

on a sorbent material occurs via four steps:  

a. Migration of metal ions from bulk solution to the boundary layer film of 
the adsorbent through bulk diffusion.  

b. Diffusion of metal ions through the boundary layer to the surface of the 
adsorbent via film diffusion.  

c. The transport of the metal ions from the surface to the interior pores of 
the particle and occurs through intra particles diffusion or pore diffusion 
mechanism.  

d. Adsorption of metal ions at an active site on the surface of adsorbents by 
chemical reaction via ion-exchange, complexation and/or chelation.  

In general, the metal ion sorption is governed by either the liquid phase mass 

transport rate (film diffusion) or through the intra particle mass transport rate. 
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Fig 4.25: Intra-particle diffusion plot for adsorption of Cu2+and Pb2+ onto amc 
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Fig 4.26: Intra-particle diffusion plot for adsorption of Cu2+and Pb2+  onto amc 
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Due to the double nature of intra-particle diffusion (both film and pore 

diffusion), and in order to determine the actual rate controlling step involved in 

the adsorption process, the kinetic data were further analysed by using Boyd 

kinetic equation (Boyd et al., 1947) represented as 

     F =  exp (-Bt)                                                                                   (4.14) 

and F =                                                                                                  (4.15) 

where is the amount of metal ion adsorbed at equilibrium (mg/g) and q 

represents the amount of metal ion adsorbed at any time t (min), F represent the 

fraction of metal ion adsorbed at any time t, and Bt is the mathematical function 

of  F. Equation 4.14 can be rearranged and given by  

 Bt = -0.4977- ln (1-F)                                                                              (4.16) 

The plot of [-0.4977- ln (1-F)] against t was employed to test the linearity of the 

experimental data (Fig 4.27 and Fig 4.28). A straight line passing through the 

origin is an indication of adsorption processes governed by particle diffusion 

mechanism; otherwise they are governed by film diffusion (Mohan & Singh, 

2002). As can be seen from Fig 4.27 and Fig 4.28, Boyd plots of the adsorbents 

(rmc and amc) for the Cu2+ and Pb2+ adsorption data are neither linear or passes 

through the origin. This indicates that, for the two adsorbents, film diffusion is 

the rate limiting step for the adsorption of Cu2+ and Pb2+ ions. The R2 and B 

values obtained from the Boyd plots were presented in Table 4.6. 
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Table 4.6: Boyd model parameters for the adsorption of Cu2+ and Pb2+ ions 

onto the adsorbents. 

Cu2+  B (min-1) C R2 

rmc 0.007 2.040 0.068 

amc 0.013 4.600 0.362 

Pb2+    

rmc 0.023 0.711 0.456 

amc 0.114 3.977 0.078 
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Fig 4.27:  A Boyd plot of adsorption of Cu2+ and Pb2+ onto rmc 
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           Fig 4.28:  A Boyd plot of adsorption of Cu2+ and Pb2+ onto amc 
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4.4 ADSORPTION ISOTHERM STUDIES  

The experimental data for the uptake of Cu2+ and Pb2+ ions by the adsorbents 

over the studied concentration range were processed in accordance to the 

following isotherms: Langmuir , Freundlich, Harkins and Jura, Halsey, Temkin 

and Dubinnin- Radushkevich isotherms. 

4.4.1 Langmuir Isotherm 

This model suggests that the sorption occurs on homogenous surface by 

monolayer sorption without interaction between the sorbed molecules. The 

model assumes uniform energies of adsorption onto the surface. It is valid for 

monolayer sorption on a surface containing finite number of binding site and no 

transmigration of sorbate in the plane of the surface. 

Langmuir isotherm is based on the theoretical principle that only a single 

adsorption layer exists on an adsorbent and it represents the equilibrium 

distribution of metal ions between the solid and liquid phases. The basic 

assumption of the Langmuir isotherm process is the formation of a monolayer 

of adsorbate on the outer surface of the adsorbent and after that no further 

adsorption takes place. The linearised Langmuir isotherm equation is given by 

 =   +                                                                                  (4.17) 

where  is the maximum metal ions uptake per unit mass of adsorbent 

(mg/g), which is related to the adsorption capacity,  is Langmuir adsorption  

constant (l/mg) and is related to the measure of affinity of adsor bate for the 

adsorbent,  is the metal ion residual concentration in solution,   is 

equilibrium metal ion concentration on the adsorbent (mg/g). A plot of   

versus  yields a straight line graph which has an intercept and slope which 

correspond to   and  respectively, from where  and  can be 
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calculated. To confirm the favorability of an adsorption process to Langmuir 

isotherm, the essential features of the isotherm can be expressed in terms of a 

dimensionless constant called separation factor or parameter  which can be 

calculated as 

              =                                                                              (4.18) 

where  is the highest initial adsorbate concentration (mg/L). The value of  

indicates whether the isotherm is irreversible ( =0), favourable (0 <  < 1), 

linear (  = 1) or unfavourable ( > 1) (Kadirvelu & Namasivayam, 2003). 

Table 4.7showed the summary of the parameters obtained from Langmuir plots 

in Fig 4.29 and Fig 4.30. 
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Fig 4.29: Langmuir adsorption isotherm of Cu2+ and Pb2+ onto rmc 
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Fig 4.30: Langmuir adsorption isotherm of Cu2+ and Pb2+ onto amc 
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Table 4.7: Langmuir isotherm model parameters for the adsorption of Cu2+ 

and Pb2+ ions onto the adsorbents. 

Cu2+ ion  (mg/g)  (Lg-1) R2 

rmc 12.658 0.085 0.992 

amc 12.821 0.125 0.992 

Pb2+ ion    

rmc 12.195 0.122 0.992 

amc 12.821 0.172 0.986 

 

The plots are linear with a reasonably high linear regression coefficient R2 

values of 0.986 and above suggesting that the adsorption process obeyed the 

Langmuir model. In addition, the  values of Cu2+ and Pb2+ adsorption onto 

rmc and amc are between 0 and 1, showing that the Langmuir isotherm is 

favourable. 

 

4.4.2 Freundlich Isotherm 

Freundlich isotherm gives the relationship between equilibrium liquid and solid 

phase capacity based on the multilayer adsorption representing heterogenous 

surface properties. This isotherm is based on the assumption that the adsorption 

sites are distributed exponentially with respect to the heat of adsorption and is 

given by        =                                                                       (4.19)  

and can be linearised as Log  = Log  +  Log                        (4.20) 

where  = solid phase concentration in equilibrium 

             liquid phase  metal ion concentration at equilibrium, 
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 = intensity adsorption (heterogeneity factor) 

 = Freundlich constant (multilayer adsorption capacity)  

The magnitude of n gives an indication of the favourability of adsorption. It is 

generally stated that the value of n in the range 2-10 represent good, 1-2 

moderately good and less than 1 poor adsorption characteristics (Aksu &Kutsal 

1991). According to Senthil-Kumar et al, 2014; the significance of the n value 

is as follows: n = 1 (linear); n < 1 (chemical process) and n > 1 (physical 

process). A plot of Log  versus Log  gives a straight line. The values of n 

and   are determined from the slope and intercept of the graph. The summary 

of Freundlich isotherm model parameters obtained from the Freundlich 

isotherm plot (Fig 4.31 and Fig 4.32) are shown in Table 4.8. 



91 
 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

 Cu2+ onto amc

 Pb2+ onto amc

L
o

g
 q

e

Log Ce

 

Fig 4.31: Freundlich isotherm plot of adsorption of Cu2+ and Pb2+ onto amc 
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Fig 4.32: Freundlich isotherm plot of adsorption of Cu2+ and Pb2+ onto rmc 
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Table 4.8: Freundlich Isotherm model parameters for the adsorption of Cu2+ 

and Pb2+ ions onto the adsorbents.  

Cu2+ ion  
(mg/g)(L/mg)1/n   

n R2 

rmc 1.694 0.488 2.049 0.986 

amc 2.133 0.464 2.155 0.984 

Pb2+ ion     

rmc 2.065 0.450 2.222 0.976 

amc 2.553 0.449 2.227 0.974 

 

The value of  signifies the adsorption capacity of the adsorbent for the 

adsorbate. For each of the adsorbates, adsorption onto amc is higher than that of 

rmc as can be seen in Table 4.8. The   values obtained from the Freundlich 

model suggested that the metal binding affinity was in the order Pb2+ onto amc > 

Cu2+ onto amc > Pb2+ onto rmc > Cu2+ onto rmc. However, the adsorption 

intensities n were found to be in the order of Pb2+ onto amc > Cu2+ onto amc > 

Pb2+ onto rmc > Cu2+ onto rmc. The higher value of  indicated higher 

adsorption capacity for metal ions and the values of n lies between 1-10 

indicating favorable adsorption (Lakatos et al., 2002; Mohamed et al., 2012). 

The linear regression coefficients R2 of the experimental data showed that the 

adsorption of Cu2+ and Pb2+ ions onto the adsorbents fitted well to the 

Freundlich isotherm model.                       
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4.4.3 Harkins and Jura isotherm 

The Harkins and Jura isotherm can be expressed as (Bazar 2006, Harkins & Jura 

1944) as  

       =  - Log                                                              (4.21) 

The isotherm equation accounts for multilayer adsorption and can be explained 

by the existence of a heterogenous pore distribution. The Harkins-Jura isotherm 

parameters were obtained from the plots of    against log . These yield a 

straight line graph which has slopes and intercepts which correspond to -    and   

 respectively.The summary of Harkins and Jura isotherms model parameters 

obtained from the Harkins and Jura isotherm plots (Fig 4.33 and Fig 4.34) are 

shown Table 4.9. 
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Fig 4.33: Harkins and Jura isotherm plot of adsorption of Cu2+ and Pb2+ onto     

amc 



96 
 

0.2 0.4 0 .6 0.8 1.0 1.2 1.4 1.6 1.8

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

 C u 2+ onto  rm c

 Pb 2+ on to  rm c

1/
q2 e

Log C e

 

Fig 4.34: Harkins and Jura isotherm plot of adsorption of Cu2+ and Pb2+ onto 

rmc 
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Table 4.9: Harkins and Jura isotherm model for the adsorption of Cu2+ and Pb2+ 

ions onto the adsorbents.     

Cu2+ A  B R2 

rmc 8.130 1.537 0.807 

amc 9.009 1.423 0.801 

Pb2+    

rmc 9.259 1.491 0.768 

amc 9.709 1.330 0.769 

 

 From Table 4.9 above, correlation coefficient value R2 of the samples is in 

order of Cu2+ onto rmc >  Cu2+ onto amc >Pb2+ onto amc  > Pb2+ onto rmc. This 

showed that adsorption of Cu2+ onto the adsorbents fit better for this isotherm 

than Pb2+. 
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4.4.4 Halsey Isotherm 

Halsey proposed an expression for condensation of a multilayer at a relatively 

large distance from the surface (Halsey 1948) 

   =                                                                                       (4.22) 

which can be linearised as: 

  ln  =   ln  - ln                                                                   (4.23) 

This equation is suitable for multilayer adsorption. A plot of ln versus ln  

yields slope and intercept which corresponds to -  and  ln  respectively. 

The Halsey isotherm plots for Cu2+ and Pb2+ ions onto the adsorbents are 

represented in Fig 4.35 and Fig 4.36 and the relevant isotherm parameters are 

calculated and presented in Table 4.10. 
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Fig 4.35: Halsey isotherm plot of adsorption of Cu2+ and Pb2+ onto amc 
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Fig 4.36: Halsey isotherm plot of adsorption of Cu2+ and Pb2+ onto rmc 
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Table 4.10: Halsey isotherm model parameters for the adsorption of Cu2+ and  

                  Pb2+ ions onto the adsorbents. 

Cu2+ ion   R2 

rmc 2.07 3.03 0.990 

amc 2.15 5.09 0.985 

Pb2+ ion    

rmc 2.22 5.00 0.977 

amc 2.22 7.99 0.975 

 

From Table 4.10, it could be seen that the correlation coefficient values R2  for 

adsorption of  Cu2+ and Pb2+ ions onto the adsorbents are high and in the order 

of Cu2+ onto rmc > Cu2+ onto amc > Pb2+ onto rmc > Pb2+ onto amc. This 

showed that Halsey isotherm  model fits better for rmc than amc for the two 

adsorbate Cu2+ and Pb2+ ions respectively. The fitting of the experimental data 

to Halsey isotherm equation attest to the heteroporous nature of the adsorbents. 
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4.4.5 Temkin Isotherm  

Temkin and Pyzhev (1940) studied the heat of adsorption and the adsorbent-

adsorbate interaction on the surfaces. The Temkin isotherm equation is given as 

 =  ln                                                                      (4.24) 

The linear form of equation 4.24 is given as 

                           = B ln + B ln                                     (4.25) 

Where B = , T (K) is the absolute temperature, R is the universal gas constant 

(8.314 J/mol),   is the equilibrium binding constant or adsorption potential 

(L/mg),  (mg/L)  and  (mg/L) are the amount of adsorbed at equilibrium 

and equilibrium concentration respectively, and B is related to the heat of 

adsorption (kJ/mol). A linear plot of  versus ln describes the Temkin 

isotherm for the adsorption of the metal ions (Cu2+ and Pb2+) onto the 

adsorbents (rmc and amc) as shown in Fig 4.37 and Fig 4.38. The Temkin 

constants B and  were determined from the slope and intercept of the linear 

plots and are presented in Table 4.11. 
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Fig 4.37: Temkin isotherm plot of Cu2+ and Pb2+ onto amc 
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Fig 4.38: Temkin  isotherm plot of Cu2+ and Pb2+ onto rmc 
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Table 4.11: Temkin isotherm model parameters for the adsorption of Cu2+ and 

Pb2+ ions onto the adsorbents. 

Cu2+ ion B (kJ/mol)  (L/g) R2 

rmc 2.641 0.942 0.990 

amc 2.590 1.474 0.989 

Pb2+ ion    

rmc 2.479 1.413 0.994 

amc 2.569 2.117 0.985 

 

Assessment of the values of correlation coefficient R2 showed that Temkin 

model is another good model for the description of the adsorption of the metal 

ions by the adsorbents. Their values are all high but lower than those of 

Langmuir, Freundlich, Harkins and Jura and Halsey isotherm models.   
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4.4.6 Dubinin-Radushkevich (D-R) Isotherm  

Characteristics of adsorption can also be studied by applying the Dubinin- 

Radushkevich (D-R) model whose linear form is written as  

             ln  = ln  - β                                                                       (4.26) 

where  = maximum adsorption capacity (mg/g), β = activity coefficient 

(mol2/J2) 

R = gas constant (8.314 J/mol/K), T = temperature in Kelvin (K), 

 = Polanyi or adsorptive potential. 

               = RT ln                                                                     (4.27) 

β was further used to calculate the mean free adsorption energy E(kJ/mol) using 

the equation  

              E =                                                                                        (4.28) 

The values of , β, E and R2 for Cu2+ and Pb2+ ions onto the adsorbents were 

obtained from the linear plot of ln  versus . The slope represents – β while 

the intercept represent ln . The constants obtained from the D-R isotherm 

plots (Fig 4.39 and Fig 4.40) are presented in Table 4.12. 
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Fig 4.39: D-R isotherm for adsorption of Cu2+ and Pb2+ onto amc 
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Fig 4.40: D-R isotherm for adsorption of Cu2+ and Pb2+ onto rmc 
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Table 4.12: Dubinin-Radushkevich isotherm model parameters for the 

adsorption of Cu2+ and Pb2+ ions onto the adsorbents. 

Cu2+ion  (mg/g) E (kJ/mol) β (mol2/J2)   R2 

rmc 7.78 0.500 2 x10-6 0.839 

amc 8.05 0.791 8x10-7 0.840 

Pb2+ ion     

rmc 8.01 0.707 1 x10-6   0.863 

amc 8.41 1.000 5x10-7 0.866 

 

D-R model was applied to the equilibrium data to assess the nature of the 

adsorption process, that is, whether it is physical or chemical adsorption. Some 

researchers (Argun et. al., 2007; Singha & Das, 2013) had reported that when 

the value of E is below 8 kJ/mol, the adsorption process could be considered to 

be physical and when it is within the range 9 – 16 kJ/mol, it is considered as 

chemical. From Table 4.12, it could be observed that the values of mean D-R 

energy E are within the range 0.500 - 1.000 kJ/mol indicating physical 

adsorption.  
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4.5 FOURIER TRANSFORMATION INFRARED (FTIR) STUDIES 

The FTIR spectroscopy is a well known method for identification of functional 

groups and quantitative analysis of samples. In order to gain better insight into 

the surface functional groups available on the surface of the adsorbents (rmc 

and amc), their IR spectra were recorded as shown in Fig 4.41 and Fig 4.42.  

Figure 4.41 showed the FTIR spectrum of rmc to identify functional groups 

responsible for the metal ion coordination. The peaks 419.53 cm-1 and 526.58 

cm-1 represent the carbon- halogen (C-X) bond. Peaks at 1039.67 and 

1190.12cm-1 are due to C-O stretch from alcohol and C-N stretching from 

aliphatic amines. Peaks at 1511.28 cm-1 showed N-O symmetric from nitro 

compounds. C=C stretch is responsible for the peak at 1654.01 cm-1.  Sharp 

peaks at 2265.47 cm-1 represents C≡C stretch from alkyne and C N stretch 

from nitriles. C N is responsible for the peak at 2376.38cm-1.The peaks at 

3257.88 cm-1, 3529.85 cm-1 and 3742.03 cm-1 are due to O-H stretching (from 

alcohols and carboxylic acids) and N-H symmetric and asymmetric stretch from 

amines and amides. O-H from adsorbed water on the surface is responsible for 

the peak as 3857.76 cm-1 (Gary et al., 2010; Bellamy,1975; Yaneva & 

Georgieva, 2012). 

.
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Fig. 4.41: FTIR spectra of rmc 
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Table 4.13: Some fundamental functional groups of raw maize cob (rmc) 

Band position (cm-1) Bonds/functional group 

1039.67 C-O from alcohols, carboxylic acid 

1190.12 C-N from aliphatic amine 

1511.28 N-O from nitro compounds 

1654.01 C=C from alkene 

2265.47 C≡C from alkyne 

2376.38 C≡N from nitrile 

3257.88 O-H  from carboxylic acid or N-H from amines/amides 

3529.85 O-H from alcohols/phenols 

3742.03 N-H stretch from amides  

3857.76 O-H from adsorbed water 
 

FTIR of amc is shown in Fig 4.42. It is quite clear from the spectra that some 

peaks shifted due to activation and some others disappeared after the treatment 

with phosphoric acid. The peaks at 1040.63 cm-1 and 1257.74 cm-1 represent   

C-O stretching in alcohols, carboxylic acids, phenols, or esters. The absorption 

bands at 1433.16 cm-1 and 1633.76 cm-1 showed the C-H asymmetric bending 

and the C=C alkene/aromatic skeletal stretching respectively. 2356.13 cm-1 band 

is attributed to C≡N stretching from nitriles. The peaks at 2927.08 cm-1 and 

3444.02 cm-1 are due to C-H stretching and O-H stretching (from carboxylic 

acid and alcohols)/N-H (from amine or amide) respectively. The O-H and N-H 

groups are responsible for intermolecular hydrogen bonding on the surface. 

3994.71 cm-1 peak is due to C-H terminal alkyne (Gary et al., 2010; 

Bellamy,1975; Yaneva & Georgieva, 2012). 
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Fig. 4.42: FTIR spectra of amc 
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Table 4.14: Some fundamental functional groups of activated maize cob (amc) 

Band position (cm-1) Bonds/functional group 

1040.63 C-O stretching from carboxylic acid, alcohol 

1254.74  C-O from  phenol, esters 

1433.16 C-H asymmetric bending from alkane 

1633.76 C=C from alkene/aromatic ring 

2356.13 C≡N stretching from nitrile 

2927.08 C-H stretching from alkane 

3444.02 O-H stretching from carboxylic acid/alcohol, or 

 N-H from amine or amide  

3994.71 C-H from terminal alkyne 
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4.6 SCANNING ELECTRON MICROSCOPY (SEM) STUDIES 

SEM was used to study the changes in morphology of rmc and amc samples 

which are shown in Fig 4.43 and Fig 4.44. The figures clearly revealed that the 

surface morphologies of both samples were different. It was observed that rmc 

had rough structure without any cracks and crevices. However, significant 

number of pores with different structures was observed for amc. Due to the well 

developed active pore spaces created by phosphoric acid activated, amc had 

high surface area and high porosity resulting in its greater adsorption capacity.     
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Fig 4.43a: Scanning electron microscopy (SEM) of Raw Maize Cob (1000x) 
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Fig 4.43b: Scanning electron microscopy (SEM) of Raw Maize Cob (2500x) 
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Fig 4.43c: Scanning electron microscopy (SEM) of Raw Maize Cob (10000x) 
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Fig 4.44a: Scanning Electron Microscopy (SEM) of Activated Maize Cob 

(amc) (1000x) 

 

        amc 
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Fig 4.44b: Scanning Electron Microscopy (SEM) of Activated  Maize Cob 

(amc) (2500x) 
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Fig 4.44c: Scanning electron microscopy (SEM) of Activated Maize Cob (amc)  

(9900x) 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATION 

5.1      Conclusion 

 In this research work, adsorption process for the removal of heavy metal ions 

(Cu2+ and Pb2+) from aqueous solution by using raw maize cob and activated 

maize cob has been presented. The percentage removal as well as the amount of 

metal ion adsorbed was determined to be a function of contact time, 

temperature, pH, initial concentration and adsorbent dosage. The equilibrium 

amount of metal adsorbed increased with increase in initial concentration of the 

metal ions.  The percentage removal and amount adsorbed for Cu2+ increased 

with increase in temperature for amc and rmc while for Pb2+ they decreased.  

On thermodynamic parameters, ∆G, ∆H and ∆S were determined. The negative 

values of Gibbs free energy ∆G for the four cases examined at various 

temperatures showed that the adsorption processes are feasible. Enthalpy 

changes ∆H for Cu2+ and Pb2+ adsorption are endothermic and exothermic 

respectively. Entropy change ∆S of Cu2+ and Pb2+ adsorption for the two 

adsorbents are positive and negative respectively. 

From kinetics studies, it was observed that pseudo-second order kinetic model 

best fitted the adsorption of these two heavy metal ions onto the adsorbents 

since their R2 values were 0.996 and above. Kinetic mechanisms of these 

adsorption processes was found to be by film diffusion since they adsorption 

processes did not fit the intra-particle diffusion and Boyd model.   

Adsorption isotherms were determined and correlated using Langmuir, 

Freundlich, Harkins and Jura, Temkin, Halsey and Dubinnim-Radushkevich 

models.  Based on R2 values, it was found that Freundlich, Langmuir, Temkin 

and Halsey models best fitted the isotherm data. 
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FTIR and SEM analyses were carried out on rmc and amc to determine their 

structural information. SEM analysis for morphological investigations showed 

that rmc had rough structures without any cracks while amc has active pores at 

its rough surface which enhance its adsorption capacity. FTIR analysis showed 

that both adsorbents had ionisable functional groups at the surface which 

equally enhance their adsorption properties. It is therefore concluded that both 

rmc and amc can be use as an effective adsorbent for removal of heavy metals 

(Pb2+ and Cu2+) from waste water. 

5.2 Recommendation 

The findings of this research study should be carried out in an industrial scale so 

as to save time, money and energy that would otherwise be employed in 

pollution removal. 

Other activating agents like sodium hydroxide should equally be used to 

compare its effectiveness with phosphoric acid that was used in the work. 

Carbonization of the adsorbents should also be applied for adsorption of these 

metals from their solution. 

Fixed bed column system should be designed for maize cob and its 

effectiveness and efficiency compared with results obtained by using batch 

system. 

Desorption processes should be applied to the adsorbent after adsorption with a 

view to recovering them and also restore the adsorbent to its original state. 

The knowledge of this research work can also be applied in remediation   of  

land and water body that has been contaminated with poisonous lead, hence  

useful in preventing lead poisoning.    
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5.3 Contribution to Knowledge 

The study establishes that agricultural wastes such as raw maize cobs (rmc) and 

activated maize cobs (amc) can be used as efficient, economic and 

environmental friendly sorbent for removal of Cu2+ and Pb2+ ions from aqueous 

solution or industrial effluents. 

The presence of organic functional groups on the adsorbents and the pH of  

metal ion solutions suggested that bond formation was responsible for metal  

ions uptake by the adsorbents. 

The study reveals that surface morphologies of both samples rmc and amc were  

different and that amc had high surface area and high porosity resulting in its 

greater adsorption capacity. 
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APPENDIX 1 : Equilibrium Parameter 

1A (i): Effect of contact time on the adsorption of Cu2+ onto rmc 

Contact time  

(minutes) 

Initial 

concentration  

Co (mg/L) 

Final 

Concentration 

Ce (mg/L) 

Amount   

adsorbed  

qe (mg/g) 

% Removal 

15 100 31.75 3.413 68.25 

30 100 28.07 3.597 71.93 

45 100 18.23 4.089 81.77 

60 100 12.44 4.378 87.56 

75 100 10.85 4.458 89.15 

90 100 13.49 4.326 86.51 

105 100 13.53 4.324 86.47 

120 100 14.76 4.262 85.24 

135 100 16.34 4.183 83.66 

150 100 17.43 4.129 82.57 
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1A(ii) : Effect of contact time on the adsorption of Cu2+ onto amc 

Contact time 

(minutes) 

Initial  

concentration  

Co (mg/L) 

Final  

concentration  

Ce (mg/L) 

Amount   

Adsorbed 

qe (mg/g) 

% Removal 

15 100 11.66 4.417 88.34 

30 100 7.85 4.608 92.15 

45 100 8.22 4.589 91.78 

60 100 8.76 4.562 91.24 

75 100 9.12 4.544 90.88 

90 100 9.61 4.520 90.39 

105 100 10.03 4.499 89.97 

120 100 10.76 4.462 89.24 

135 100 11.29 4.436 88.71 

150 100 12.05 4.398 87.95 
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1A(iii): Effect of contact time on the adsorption of Pb2+ onto rmc  

Contact time  

(minutes) 

Initial  

concentration  

Co (mg/L) 

Final  

concentration  

Ce (mg/L) 

Amount   

adsorbed  

qe (mg/g) 

% Removal 

15 100 34.14 3.293 65.86 

30 100 27.76 3.612 72.24 

45 100 21.89 3.906 78.11 

60 100 17.26 4.137 82.74 

75 100 12.18 4.391 87.82 

90 100 9.36 4.532 90.64 

105 100 7.32 4.634 92.68 

120 100 8.20 4.590 91.80 

135 100 10.46 4.477 89.54 

150 100 11.64 4.418 88.36 
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1A (iv): Effect of contact time on the adsorption of Pb2+ onto amc 

Contact time  

(minutes) 

Initial  

concentration  

Co (mg/L) 

Final  

concentration  

Ce (mg/L) 

Amount   

adsorbed  

qe (mg/g) 

% Removal 

15 100 13.77 4.312 86.23 

30 100 8.12 4.594 91.88 

45 100 4.77 4.762 95.23 

60 100 4.94 4.753 95.06 

75 100 5.67 4.717 94.33 

90 100 6.35 4.683 93.65 

105 100 7.70 4.615 92.30 

120 100 8.83 4.559 91.17 

135 100 9.11 4.545 90.89 

150 100 10.09 4.496 89.91 
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1B(i):  Effect of adsorbent dosage rmc on adsorption of Cu2+ ion 

Mass (g) Initial  

concentration  

Co (mg/L) 

Final  

concentration  

Ce (mg/L) 

Amount   

adsorbed  

qe (mg/g) 

% Removal 

2 100 8.63 4.57 91.37 

4 100 7.47 2.31 92.53 

6 100 6.22 1.56 93.78 

8 100 5.04 1.19 94.96 

10 100 3.06 0.97 96.94 

 

 

1B(ii):  Effect of adsorbent dosage amc on adsorption of Cu2+ ion 

Mass (g) Initial  

concentration  

Co (mg/L) 

Final  

concentration  

Ce (mg/L) 

Amount   

adsorbed  

qe (mg/g) 

% Removal 

2 100 6.68 4.67 93.32 

4 100 5.98 2.35 94.02 

6 100 5.07 1.58 94.93 

8 100 3.55 1.21 96.45 

10 100 2.12 0.98 97.88 
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1B(iii): Effect of adsorbent dosage rmc on adsorption of Pb2+ ion 

Mass (g) Initial  

concentration  

Co (mg/L) 

Final  

concentration  

Ce (mg/L) 

Amount   

adsorbed  

qe (mg/g) 

% Removal 

2 100 6.83 4.66 93.17 

4 100 5.82 2.35 94.18 

6 100 4.32 1.59 95.65 

8 100 2.92 1.21 97.08 

10 100 1.43 0.99 98.57 

 

 

1B(iv):  Effect of adsorbent dosage amc on adsorption of Pb2+ ion 

Mass (g) Initial  

concentration  

Co (mg/L) 

Final  

concentration  

Ce (mg/L) 

Amount   

adsorbed  

qe (mg/g) 

% Removal 

2 100 4.35 4.78 95.65 

4 100 3.49 2.41 96.51 

6 100 2.12 1.63 97.88 

8 100 1.83 1.23 98.17 

10 100 1.31 0.99 98.69 
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1C(i): Effect of initial concentration of Cu2+ on adsorption onto rmc 

Initial  

concentration  

Co (mg/L) 

Final  

Concentration 

 Ce (mg/L) 

Amount  

adsorbed  

qe (mg/g) 

% Removal 

50 2.34 2.38 95.32 

100 6.83 4.66 93.17 

150 15.56 6.72 89.63 

200 27.78 8.61 86.11 

250 45.35 10.23 81.86 

 

 

1C(ii): Effect of initial concentration of Cu2+ on adsorption onto amc 

Initial  

Concentration  

Co (mg/L) 

Final  

Concentration 

 Ce (mg/L) 

Amount  

adsorbed  

qe (mg/g) 

% Removal 

50 1.54 2.42 96.92 

100 4.65 4.77 95.35 

150 11.76 6.91 92.16 

200 20.66 8.97 89.67 

250 37.03 10.65 85.19 
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1C(iii): Effect of initial concentration of Pb2+ on adsorption onto rmc 

Initial 

concentration  

Co (mg/L) 

Final  

Concentration 

 Ce (mg/L) 

Amount  

adsorbed  

qe (mg/g) 

% Removal 

50 1.79 2.41 96.42 

100 4.83 4.76 95.17 

150 12.48 6.88 91.68 

200 25.78 8.71 87.11 

250 41.65 10.42 83.34 

 

1C(iv): Effect of initial concentration of Pb2+ on adsorption onto amc 

   

Initial  

concentration  

Co (mg/L) 

Final  

concentration  

Ce (mg/L) 

Amount  

adsorbed  

qe (mg/g) 

% Removal 

50 1.14 2.44 97.72 

100 3.02 4.85 96.98 

150 9.54 7.02 93.64 

200 16.38 9.18 91.81 

250 29.70 11.02 88.12 
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1D(i):  Effect of pH on adsorption of Cu2+ onto rmc    

    

pH Initial 
concentration  
Co (mg/L) 

Final  
concentration  
Ce (mg/L) 

Amount   
adsorbed  
qe (mg/g) 

% Removal 

2 100 41.37 2.93 58.63 

4 100 27.76 3.61 72.24 

6 100 11.48 4.43 88.52 

8 100 8.03 4.60 91.97 

10 100 9.75 4.51 90.52 

12 100 9.57 4.52 90.43 

 

1D(ii):  Effect of pH on adsorption of Cu2+ onto amc 

pH Initial  
concentration  
Co (mg/L) 

Final  
concentration  
Ce (mg/L) 

Amount   
adsorbed  
qe (mg/g) 

% Removal 

2 100 34.59 3.27 65.41 

4 100 20.15 3.99 79.85 

6 100 12.72 4.36 87.28 

8 100 6.22 4.69 93.78 

10 100 5.49 4.73 94.51 

12 100 5.17 4.74 94.83 
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1D(iii):  Effect of pH on adsorption of Pb2+ onto rmc 

pH Initial  

concentration  

Co (mg/L) 

Final  

concentration  

Ce (mg/L) 

Amount   

adsorbed  

qe (mg/g) 

% Removal 

2 100 27.25 3.64 72.75 

4 100 16.81 4.16 83.19 

6 100 7.42 4.63 92.58 

8 100 8.12 4.59 91.88 

10 100 10.78 4.46 89.22 

12 100 13.21 4.34 86.79 

 

1D(iv): Effect of pH on adsorption of Pb2+ onto amc  

pH Initial  
concentration  
Co (mg/L) 

Final  
concentration  
Ce (mg/L) 

Amount   
Adsorbed 
 qe (mg/g) 

% Removal 

2 100 19.76 4.01 80.24 

4 100 11.18 4.44 88.82 

6 100 5.87 4.71 94.13 

8 100 5.40 4.73 94.60 

10 100 4.88 4.76 95.12 

12 100 4.55 4.77 95.45 
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1E(i):  Effect of temperature on adsorption of Cu2+ onto rmc  

Temperature(°C) Initial  
concentration  
Co (mg/L) 

Final  
concentration  
Ce (mg/L) 

Amount   
adsorbed  
qe (mg/g) 

% Removal 

20 100 21.76 3.91 78.24 

30 100 13.38 4.33 86.62 

40 100 10.87 4.46 89.13 

50 100 7.46 4.63 92.54 

60 100 5.65 4.72 94.35 

70 100 4.13 4.79 95.87 

 

 

1E(ii):  Effect of temperature on adsorption of Cu2+ onto amc  

Temperature(°C) Initial  
concentration  
Co (mg/L) 

Final  
concentration  
Ce (mg/L) 

Amount   
Adsorbed 
 qe (mg/g) 

% Removal 

20 100 14.88 4.26 85.12 

30 100 11.64 4.42 88.36 

40 100 9.19 4.54 90.81 

50 100 8.06 4.60 91.94 

60 100 6.28 4.69 93.72 

70 100 3.85 4.81 96.15 
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1E(iii): Effect of temperature on adsorption of Pb2+ onto rmc  

Temperature(°C) Initial  
concentration  
Co (mg/L) 

Final  
concentration  
Ce (mg/L) 

Amount   
adsorbed  
qe (mg/g) 

% Removal 

20 100 3.79 4.81 96.21 

30 100 5.14 4.74 94.86 

40 100 9.66 4.52 90.34 

50 100 12.14 4.39 87.86 

60 100 15.89 4.21 84.11 

70 100 19.55 4.02 80.45 

 

 

1E(iv): Effect of temperature on adsorption of Pb2+ onto amc 

Temperature(°C) Initial  
concentration  
Co(mg/L) 

Final  
concentration  
Ce (mg/L) 

Amount   
adsorbed  
qe (mg/g) 

% Removal 

20 100 1.94 4.90 98.06 

30 100 4.20 4.79 95.80 

40 100 6.46 4.68 93.54 

50 100 9.72 4.51 90.28 

60 100 10.88 4.46 89.12 

70 100 12.07 4.40 87.93 
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Appendix 2: Thermodynamic Parameters 

2A(i): Thermodynamic table for adsorption of Cu2+ onto rmc 

Temperature 
T (°C) 

T (K) 1/T  
(K-1) 

Kc ln Kc ∆G ∆H ∆s 

20 293 0.00341 3.60 1.28 -3.12   

30 303 0.00330 6.47 1.87 -4.71 30.39  

40 313 0.00319 8.20 2.10 -5.46 kJ/mol 114.82 

50 323 0.00310 12.40 2.52 -6.77  J/mol/K 

60 333 0.00300 16.70 2.82 -7.81   

70 343 0.00292 23.21 3.14 -8.95   

 

 

2A(ii): Thermodynamic table for adsorption of Cu2+ onto amc 

Temperature 

T  (°C) 

T (K) 1/T  

(K-1) 

Kc ln Kc ∆G ∆H ∆s 

20 293 0.00341 5.72 1.74 -4.24   

30 303 0.00330 7.59 2.03 -5.11 22.88 92.12 

40 313 0.00319 9.88 2.29 -5.96 kJ/mol J/mol/K 

50 323 0.00310 11.41 2.43 -6.53   

60 333 0.00300 14.92 2.70 -7.48   

70 343 0.00292 24.97 3.22 -9.18   
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2A(iii): Thermodynamic table for adsorption of Pb2+ onto rmc 

Temperature 
T  (°C) 

T (K) 1/T  
(K-1) 

Kc ln Kc ∆G ∆H ∆s 

20 293 0.00341 25.39 3.23 -7.87   

30 303 0.00330 18.46 2.92 -7.36   

40 313 0.00319 9.35 2.24 -5.83 -31.70  

50 323 0.00310 7.24 1.98 -5.32 kJ/mol -81.31 

60 333 0.00300 5.29 1.67 -4.62  J/mol/K 

70 343 0.00292 4.12 1.42 -4.05   

 

2A(iv): Thermodynamic table for adsorption of Pb2+ onto amc 

Temperature 

T  (°C) 

T (K) 1/T 

 (K-1) 

Kc ln Kc ∆G ∆H ∆s 

20 293 0.00341 50.55 3.92 -9.55   

30 303 0.00330 22.81 3.13 -7.88 -32.26  

40 313 0.00319 14.48 2.67 -6.95 kJ/mol -79.50 

50 323 0.00310 9.29 2.23 -5.99  J/mol/K 

60 333 0.00300 8.19 2.10 -5.81   

70 343 0.00292 7.29 1.99 -5.67   
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Appendix 3: Kinetics Parameters 

3A(i):  Kinetics table for adsorption of Cu2+ onto rmc   qe = 4.47 

Contact 

 time t 

(mins) 

log t lnt t½ qt  

(mg/g) 

log qt (qe-qt) Log 

 (qe- qt) 

t/ qt  

 

(g min/mg-1) 

15 1.18 2.71 3.87 3.41 0.533 1.06 0.025 4.399 
30 1.48 3.40 5.48 3.60 0.556 0.87 -0.060 8.333 
45 1.65 3.81 6.71 4.09 0.612 0.38 -0.420 11.002 
60 1.78 4.09 7.75 4.38 0.641 0.09 -1.046 13.699 
75 1.88 4.32 8.66 4.46 0.649 0.01 -2.000 16.816 
90 1.95 4.50 9.49 4.33 0.636 0.14 -0.854 20.785 
105 2.02 4.65 10.25 4.32 0.635 0.15 -0.824 24.306 
120 2.08 4.79 10.95 4.26 0.6296 0.21 -0.678 28.169 
135 2.13 4.91 11.62 4.18 0.621 0.29 -0.538 32.297 
150 2.18 5.01 12.25 4.13 0.616 0.34 -0.469 36.320 
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3A(ii): Kinetics table for adsorption of Cu2+ onto amc  qe = 4.62 

Contact  

time t 

(minutes) 

log t lnt t½ qt 

(mg/g) 

log qt (qe-qt) log  

(qe- qt) 

t/ qt  

(g min /mg-1) 

15 1.18 2.71 3.87 4.42 0.645 0.20 -0.699 3.39 

30 1.48 3.40 5.48 4.61 0.664 0.01 -2.000 6.51 

45 1.65 3.81 6.71 4.59 0.662 0.03 -1.523 9.80 

60 1.78 4.09 7.75 4.56 0.659 0.06 -1.222 13.16 

75 1.88 4.32 8.66 4.54 0.657 0.08 -1.097 16.52 

90 1.95 4.50 9.49 4.52 0.655 0.10 -1.000 19.912 

105 2.02 4.65 10.25 4.50 0.653 0.12 -0.921 23.33 

120 2.08 4.79 10.95 4.46 0.649 0.16 -0.796 26.91 

135 2.13 4.91 11.62 4.44 0.647 0.18 -0.745 30.41 

150 2.18 5.01 12.25 4.40 0.643 0.22 -0.658 34.09 
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3A(iii): Kinetics table for adsorption of Pb2+ onto rmc  qe = 4.64 

Contact  

time t  

(minutes) 

log t lnt t½ qt  

(mg/g) 

log qt (qe-qt) log  

(qe- qt) 

t/ qt  

(gmin /mg) 

15 1.18 2.71 3.87 3.29 0.517 1.35 0.130 4.559 

30 1.48 3.40 5.48 3.61 0.558 1.03 0.013 8.310 

45 1.65 3.81 6.71 3.91 0.592 0.73 -0.137 11.509 

60 1.78 4.09 7.75 4.14 0.617 0.50 -0.301 14.493 

75 1.88 4.32 8.66 4.39 0.642 0.25 -0.602 17.084 

90 1.95 4.50 9.49 4.53 0.656 0.11 -0.959 19.868 

105 2.02 4.65 10.25 4.63 0.666 0.01 -2.000 22.678 

120 2.08 4.79 10.95 4.59 0.662 0.05 -1.301 26.144 

135 2.13 4.91 11.62 4.48 0.651 0.16 -0.796 30.134 

150 2.18 5.01 12.25 4.42 0.645 0.22 -0.658 33.937 
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3A(iv): Kinetics table for adsorption of Pb2+ onto amc    qe = 4.77 

contact time 

t (minutes) 

log lnt t½ qt 

(mg/g) 

log 

q

t

(qe-qt) Log 

(qe-qt) 

t/ qt  

(gmin/mg) 

15 1.18 2.71 3.87 4.31 0.634 0.46  -0.337 3.87 

30 1.48 3.40 5.48 4.59 0.662 0.18  -0.745 6.54 

45 1.65 3.81 6.71 4.76 0.678 0.01  -2.000 9.45 

60 1.78 4.09 7.75 4.75 0.677 0.02 -1.699 12.63 

75 1.88 4.32 8.66 4.72 0.674 0.05 -1.301 15.89 

90 1.95 4.50 9.49 4.68 0.670 0.09 -1.046 19.23 

105 2.02 4.65 10.25 4.62 0.665 0.15 -0.824 22.73 

120 2.08 4.79 10.95 4.56 0.659 0.21 -0.678 26.32 

135 2.13 4.91 11.62 4.55 0.658 0.22 -0.658 29.67 

150 2.18 5.01 12.25 4.50 0.653 0.27 -0.569 33.33 
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3B(i): Boyd model for adsorption of Cu2+ onto rmc    qe = 4.47 

Time t  
(minutes) 

 (mg/g) F=  (1-F) ln (1-F) -0.4977-ln (1-F) 

15 3.41 0.763 0.237 -1.440 0.9423 
30 3.60 0.805 0.195 -1.635 1.1373 
45 4.09 0.915 0.085 -2.465 1.9673 
60 4.38 0.980 0.020 -3.912 3.4143 
75 4.46 0.998 0.002 -6.215 5.7173 
90 4.33 0.969 0.031 -3.474 2.9763 
105 4.32 0.966 0.034 -3.381 2.8833 
120 4.26 0.953 0.047 -3.058 2.5603 
135 4.18 0.935 0.065 -2.733 2.2353 
150 4.13 0.924 0.076 -2.577 2.0793 
 

 

 

3B(ii): Boyd model for adsorption of Cu2+ onto amc  qe =  4.62 

Time t  
(minutes) 

 (mg/g) F=  (1-F) ln (1-F) -0.4977-ln (1-F) 

15 4.42 0.957 0.043 -3.147 2.6493 
30 4.61 0.998 0.002 -6.215 5.7173 
45 4.59 0.994 0.006 -5.116 4.6183 
60 4.56 0.987 0.013 -4.343 3.8453 
75 4.54 0.983 0.017 -4.075 3.5773 
90 4.52 0.978 0.022 -3.817 3.3193 
105 4.50 0.974 0.026 -3.650 3.1523 
120 4.46 0.965 0.035 -3.352 2.8543 
135 4.44 0.961 0.039 -3.244 2.7463 
150 4.40 0.952 0.048 -3.037 2.5393 
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3B(iii): Boyd model for adsorption of Pb2+ onto rmc   qe =  4.64 

Time t 
(minutes) 

 (mg/g) F=  (1-F) ln (1-F) -0.4977-ln (1-F) 

15 3.29 0.709 0.291 -1.234 0.7363 
30 3.61 0.778 0.222 -1.505 1.0073 
45 3.91 0.843 0.157 -1.852 1.3543 
60 4.14 0.892 0.108 -2.226 1.7283 
75 4.39 0.946 0.054 -2.919 2.4213 
90 4.53 0.976 0.024 -3.730 3.2323 
105 4.63 0.998 0.002 -6.215 5.7173 
120 4.59 0.989 0.011 -4.510 4.0123 
135 4.48 0.966 0.034 -3.381 2.8833 
150 4.42 0.953 0.047 -3.058 2.5603 
 

3B(iv): Boyd model for adsorption of Pb2+ onto amc   qe = 4.77 

Time t  
(minutes) 

 (mg/g) F=  (1-F) ln (1-F) -0.4977-ln (1-F) 

15 4.31 0.904 0.096 -2.343  1.8453 
30 4.59 0.962 0.038 -3.270 2.7723 
45 4.76 0.998 0.002 -6.215 5.7173 
60 4.75 0.996 0.004 -5.521 5.0233 
75 4.72 0.990 0.010 -4.605 4.1073 
90 4.68 0.981 0.019 -3.963 3.4653 
105 4.62 0.969 0.031 -3.474 2.9763 
120 4.56 0.956 0.044 -3.124 2.6263 
135 4.55 0.954 0.046 -3.079 2.5813 
150 4.50 0.943 0.057 -2.865 2.3673 
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Appendix 4: Isotherm study 

4A(i): Isotherm table for adsorption of Cu2+ onto rmc  

Co 

(mg/L) 

Ce 

(mg/L) 

qe  

(mg/g) 

Ce/qe 

(g/L) 

log qe Log Ce ln Ce  qe
2 

(mg2/g2) 

 1/qe
2 

(g2/mg2) 

1/Ce  

(L/mg) 

ln (1/Ce) ln qe    (1+1/Ce) ln (1+1/Ce) =RT(1+1/Ce) 
 

50 2.34 2.38 0.98 0.38 0.37 0.850 5.66 0.1765 0.427 -0.851 0.867 1.427 0.356 887.94 788000 

100 6.83 4.66 1.47 0.67 0.83 1.92 21.72 0.0460 0.146 -1.924 1.539 1.146 0.136 339.21 115000 

150 15.56 6.72 2.32 0.83 1.19 2.74 45.16 0.0221 0.064 -2.749 1.905 1.064 0.062 154.64 23900 

200 27.78 8.61 3.23 0.94 1.44 3.32 74.13 0.0135 0.036 -3.324 2.153 1.036 0.035 87.30 7620 

250 45.35 10.23 4.43 1.01 1.66 3.81 104.65 0.0096 0.022 -3.817 2.325 1.022 0.022 54.87 3010 
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4A(ii): Isotherm table for adsorption of Cu2+ onto amc 

Co 

(mg/L) 

Ce 

(mg/L) 

qe 

(mg/g) 

Ce/qe 

(g/L) 

log qe Log Ce ln Ce  qe2 

(mg2/g2) 

 1/qe2 

(g2/mg2) 

1/Ce 

(L/mg) 

ln  

(1/Ce) 

ln qe   (1+1/Ce) ln 

(1+1/Ce) 

=RT(1+1/Ce) 
 

50 1.54 2.42 0.64 0.384 0.188 0.432 5.86 0.1708 0.649 -0.432 0.884 1.649 0.500 1247.1 1560000 
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100 4.65 4.77 0.97 0.679 0.667 1.537 22.75 0.0440 0.215 -1.537 1.562 1.215 0.195 486.37 237000 

150 11.76 6.91 1.70 0.839 1.070 2.465 47.75 0.0209 0.085 -2.465 1.933 1.085 0.082 204.52 41800 

200 20.66 8.97 2.30 0.953 1.315 3.028 80.46 0.0124 0.048 -3.037 2.194 1.048 0.047 117.23 13700 

250 37.03 10.65 3.48 1.027 1.569 3.612 113.42 0.0088 0.027 -3.612 2.366 1.027 0.027 67.34 4540 
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4A(iii): Isotherm table for adsorption of Pb2+ onto rmc 

Co  

(mg/L) 

Ce 

(mg/L) 

qe  

(mg/g) 

Ce/qe 

(g/L) 

log qe Log Ce ln Ce  qe
2 

(mg2/g2) 

 1/qe
2 

(g2/mg2) 

1/Ce  

(L/mg) 

ln 

(1/Ce) 

ln qe    (1+1/Ce) ln 

(1+1/Ce) 

=RT(1+1/Ce)  



170 
 

50 1.79 2.41 0.74 0.38 0.25 0.58 5.81 0.1722 0.559 -0.582 0.880 1.559 0.444 1107.42 1230000 

100 4.83 4.76 1.01 0.68 0.68 1.57 22.66 0.0441 0.207 -1.573 1.560 1.207 0.188 468.91 220000 

150 12.48 6.88 1.81 0.84 1.10 2.52 47.33 0.0211 0.080 -2.526 1.929 1.080 0.077 192.05 36900 

200 25.78 8.71          

2.96 

0.94 1.41 3.25 75.86 0.0132 0.039 -3.244 2.164 1.039 0.038 94.78 8980 

250 41.65 10.42 4.00 1.02 1.62 3.73 108.58 0.0092 0.024 -3.730 2.344 1.024 0.024 59.86 3580 
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4A(iv) : Isotherm table for adsorption of Pb2+ onto amc 

Co 

(mg/L) 

Ce 

(mg/L) 

qe 

(mg/g) 

Ce/qe 

(g/L) 

log qe Log Ce ln Ce  qe
2 

(mg2/g2) 

 1/qe
2 

(g2/mg2) 

1/Ce 

(L/mg) 

ln (1/Ce) ln qe    (1+1/Ce) ln 

(1+1/Ce) 

=RT(1+1/Ce) 
 

50 1.14 2.44 0.47 0.387 0.057 0.131 5.95 0.1680 0.877 -0.131 0.892 1.877 0.630 1571.35 2470000 

100 3.02 4.85 0.62 0.686 0.480 1.105 23.52 0.0425 0.331 -1.106 1.579 1.331 0.286 713.34 509000 

150 9.54 7.02 1.36 0.846 0.980 2.255 49.28 0.0203 0.105 -2.254 1.949 1.105 0.100 249.42 62200 

200 16.38 9.18 1.78 0.963 1.214 2.796 84.27 0.0119 0.061 -2.797 2.217 1.061 0.059 147.16 21700 

250 29.70 11.02 2.70 1.042 1.473 3.391 121.44 0.0082 0.034 -3.381 2.400 1.034 0.033 82.31 6770 
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