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Abstract 

This study analysed the competitive adsorption of multicomponent systems onto coir 

pith, readily available and environmentally friendly adsorbent chosen for the study. The 

efficacy of unmodified coir pith as an adsorbent as well as its physical and chemical 

characteristics were studied to analyse single and binary systems of nickel and zinc 

adsorption onto coir pith as well as the effects of temperature, concentration, adsorbent 

dose and pH to determine the optimal conditions for adsorption. 

The equilibrium data for the single system adsorption of nickel and the single system 

adsorption of zinc at 30 °C was analysed using the Langmuir and Freundlich isotherm 

models while the multicomponent adsorption was analysed using the Langmuir, the 

Freundlich, the competitive Langmuir, the non-competitive Langmuir, the modified 

competitive Langmuir and the Langmuir Freundlich isotherm models. The single system 

adsorption data for both nickel and zinc fit the Freundlich model which showed the 

adsorption surface was heterogeneous. The multicomponent adsorption system data fit 

the Langmuir isotherm model the best which showed the adsorption surface formed a 

monolayer.   

Most adsorption occurs at a higher pH value. To decrease costs and possibility of metal 

hydroxide precipitation the adsorption should be carried out at a neutral pH. 

The kinetics of single system and binary system adsorption of nickel and zinc was 

studied using Lagergren pseudo first order model, pseudo second order model and the 

intraparticle diffusion model. The experimental data showed all of the systems could be 

described using pseudo second order model which shows adsorption occurs primarily 

through chemisorptions. In the single system the coir pith had a higher capacity for zinc 

than nickel. In the single system adsorption of nickel the adsorption increases with 

temperature which shows the adsorption of nickel is an endothermic process. In the zinc 

single systems the adsorption decreased when temperature increased which shows zinc 

adsorption is an exothermic process. In the adsorption capacity in the binary system is 

less than either of the single systems which prove in the presence of competitive species 

metal ion adsorption is hindered.   

The data was analysed using the Intraparticle diffusion model which showed intraparticle 

diffusion in the nickel single system and in the zinc single system at 30 °C but little to no 

intraparticle diffusion at higher temperatures or in the multicomponent system  

The FTIR analysis of the surface of coir pith before and after adsorption shows that 

adsorption decreases the presence of hydroxyl (-OH) bonds. This confirms the results of 

the kinetic analysis that the adsorption is a chemical process which breaks and forms 

bonds with the functional groups on the coir pith surface. The metal ion forms a complex 

with the polar surface functional groups during adsorption and the metal ion remains 

bonded to the surface even when the adsorbent is removed from the water and dried.  

This confirms coir pith is an effective adsorbent for the removal of heavy metals from 

aqueous solution. To optimise multicomponent adsorption of nickel and zinc it should be 

carried out close to 30 °C in a solution of neutral pH and allowed to reach equilibrium.   
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CHAPTER 1: INTRODUCTION 

1.1 Background 

In recent years there has been an increase in research on adsorption to remove heavy 

metals, many of which focus on very toxic heavy metals such as arsenic, cadmium 

and lead. While these metals are important it is also important to study less toxic but 

still very dangerous metals such as manganese, zinc, and nickel. Nickel and zinc are 

trace metals in fertilizers and pesticides which build up in soil and water ways over 

time. Nickel and zinc are also widely used in electroplating, the waste water of 

which is often introduced directly into rivers. Most of the research also focuses 

primarily on single system adsorption and batch experiments. While this research is 

useful it does not accurately replicate waste water which contains a mixture of 

different compounds where there will be competitive adsorption. 

 

1.2 Research Problem 

It is important to develop a system to remove dangerous pollutants from water 

especially in developing countries which is efficient and simple to carry out and 

affordable at both large and small scales. Adsorption is seen as a viable method due 

to its ease of application. The main cost in this process is the adsorbent. Hence, the 

chosen adsorbent to be used in developing countries should ideally be affordable, 

readily available and environmentally friendly.  

 

1.3 Research Objectives 

The main aim of this research is to study the competitive adsorption of 

multicomponent systems onto areadily available and environmentally friendly 

adsorbent. Coir pith was the chosen adsorbent. 

The objectives of the research are to;  

1. Understand the adsorption process. 

2. Study the efficacy of unmodified coir pith as an adsorbent as well as its physical 

and chemical characteristics. 
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3. Analysesingle and binary systems of nickel and zinc adsorption onto coir pith as 

well as the effects of temperature, concentration, adsorbent dose and pH. 

4. Determine the optimal conditions for adsorption. 

 

1.4 Structure of the Report 

The next chapter describes the literature review done on adsorption, adsorbent and 

nature of the metal ions. The third chapter describes the research methodology 

adopted for this study. The fourth chapter discusses the data collections, results and 

the analysis for the research study. The final chapter contains the conclusions.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Overview  

Increased industrial activity and poor adherence to proper precautions have lead to 

increased industrial pollution which introduces toxic chemicals and heavy metals 

into rivers and soil. Pollution of fresh water systems can affect plants, aquatic life as 

well as the people whose main sources of water are being polluted. Heavy metal ions 

dissolved in water can be dangerous if present in high enough concentrations. 

Therefore it is important to develop a system to remove these dangerous pollutants 

from water which is both efficient, simple to carry out and affordable at both large 

and small scales.  

This chapter reviews the literature under following sections Heavy Metals, Removal 

of Heavy Metals, Isotherm models, Kinetic models and thermodynamic analysis. 

The summary section identifies the gap that requires this study. 

 

2.2 Heavy Metals 

Heavy metals refer to metals with a relatively high density of greater than 5 g cm
-3

. 

This includes most metals and all transition metals. Heavy metals are found 

abundantly in natural sources such as in water, soil or organisms. Most often they 

exist as sediment or suspended in the water. While in their natural state, most metals 

are not dangerous.  

Transition metals are defined by IUPAC (Gold Book, 1997) as elements whose 

atoms have partially filled d-sub-shell, or which can give rise to cations with an 

incomplete d-sub-shell. These metals show variable valency, have the ability to form 

complexes which are often coloured. Transition metals in the same period have 

similar sized ions and sometimes have similar chemical behaviour. Transition metals 

are used in every part of industry, from construction to manufacturing to agriculture 

and technology. They are also essential for human life, small amounts of various 

transition metals are utilised in biological processes. However when the 

concentration of these metals are too high in the body it can become toxic.  
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Heavy metals can be introduced into the environment by a variety of ways, such as 

through industrial waste being introduced directly into rivers, agricultural runoff, 

domestic waste etc. Industries such as electroplating, electronics and mining can 

pollute rivers with their untreated waste water. Fertilizers and pesticides often 

contain heavy metals as well as electronics which have not been correctly disposed 

of can contribute to pollution.  

Heavy metal pollution of zinc can be from galvanised material from roofing, pipes 

and buckets. The Handbook of the toxicology of metals by Frieberg et al. (1986) 

details how cadmium which normally exists as bottom sediment and sediment 

particles, change in the acidity of the water which can cause more cadmium to 

dissolve in the water. Water which is softer (more acidic) can have higher 

concentration of cadmium in wells, and acidic water can corrode galvanised pipes 

which leach heavy metals such as zinc and cadmium into the water.  

Elements such as copper and zinc are essential for the physiological processes in all 

living organisms including micro-organisms and plants. Heavily cultivated soils can 

suffer from a lack of zinc and copper which requires the use of fertilizers enriched 

with these elements. Run off from these agricultural sites can lead to its spreading to 

the environment. Studies by Wyszkowska et al. (2012) have shown that excessive 

amounts of these elements  can result in the disruption of biological processes in 

plants and microorganisms especially when zinc accumulates in excessive amounts 

in plants and animals it can hinder copper being absorbs resulting in copper 

deficiencies.    

Nickel is used for metal alloys, manufacture of magnetic material, and manufacture 

of batteries. It is released into the environment as a result of mining and during 

burning of fossil fuels for energy generation. In recent years there has been an 

increased interest in the manufacture of electric cars of which one of the major 

components is nickel. As this trend increases as will the pollution from nickel mining 

as well as leaching of nickel from the battery waste.  

Nickel can be absorbed into the human body by skin contact through touching 

material containing nickel such as galvanised material and jewellery as well as by 
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consuming contaminated food and water. The nickel absorbed is likely not in high 

enough concentration to cause any harm other than mild skin irritation (Agency of 

Toxic substances and Disease registry, 2005). The toxicity will depend more on the 

nickel complex rather than the concentration of the metal itself. Nickel is a mild 

carcinogen and there have been cases where nickel inhalation has lead to lung 

cancer, but these have only been due to occupational exposure in factories.  

Research by Saleem et al. (1998) has showed the main sources of heavy metal 

pollution in coastal areas of Karachi are sewage and industrial waste.  

According to the National Environmental (Protection and Quality) Regulations 

(2008) the tolerance limit for nickel and zinc concentrations in industrial and 

domestic discharge are shown in table 1.  

Table 1 Tolerance limits for the discharge of industrial/ domestic waste in Sri Lanka 

Maximum Tolerance Limits/ mg L
-1

 Nickel Zinc 

Industrial and Domestic waste discharge to inland surface 

water 

3.0 2.0 

Industrial and Domestic waste discharge to marine coastal 

areas 

5.0 5.0 

Waste water from textile industry being discharged into inland 

surface water 

- 5.0 

Effluents into public sewers with central treatment plants 3.0 5.0 

Source: National Environmental (protection and quality) regulations (2008) of Sri 

Lanka 

 

In a study by Wijeyaratne (2016) it was found that the shallow sediments of the 

Bolgodalake had heavy pollution of nickel, chromium, copper according to 

numerical sediment quality guidelines of USEPA. 

 

2.3 Removal of Heavy Metals 

It is very important to prevent pollution of rivers and soil by waste water from 

industry and domestic waste. Ideally the dangerous heavy metals and chemicals 

should be removed from waste water before it is introduced into the environment. 

There are several methods that can be utilised to remove heavy metals, and the 

method applied should depend on the conditions of the water, degree of pollution 

and other financial and material limitations.  
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An effective method of removing impurities from water is by using reverse osmosis 

where high pressure is used to force polluted water through a semi-permeable 

membrane. This keeps impurities on one side of the membrane and allows pure 

water to pass to the other side. In a study by Bakalár et al. (2009) this method was 

shown to be best when the solution has a low concentration of impurities as at higher 

concentrations higher pressure is necessary. However this method can be expensive 

as it requires expensive equipment and specialised training to carry out. It is difficult 

to economically purify large amounts of water with this method. 

Precipitation is a viable method to remove heavy metals. In a study by El Samrani et 

al. (2008) heavy metals such as copper, zinc and lead were removed from combined 

sewer overflow using coagulants such as iron (III) chloride or polyaluminium 

chloride. Lime solution was shown to be an effective for chemically coagulating and 

precipitating zinc, cadmium and manganese by increasing the pH of the solution to 

above pH 9 in a study by L. Charerntanyarak (1999). Recently there have been 

studies about precipitation using photocatalysis e.g. E. T. Wahyuni et al. (2015) 

which uses titanium dioxide. Titanium dioxide is a photosensitizer and a semi-

conductor which reduces the metal ions and precipitated the metal out of solution. 

The main drawback is the cost of the coagulants. 

Ion exchange is a reversible process where ions between the solution and the surface 

of the solid substrate. Often a resin with cross-linked structure and multiple 

functional groups are used in column through which the solution is passed through. 

(Dąbrowski et al. 2004) The metal ion would ideally exchange with a proton (H
+
 ion) 

on the surface functional group. Ideally the substrate should be re-usable after being 

treated or washed with an acid solution which should remove the metal ions from its 

surface.    

Electrodialysis uses membranes which are only permeable to either cations or 

anions. A direct potential is used to separate the cations and anions from each other 

as well as from the non-charged species in the solution. (Abo-Ghander et al. 2008) 

One method of removing these heavy metals which is appealing due to its ease of 

application is adsorption, where the pollutant is adsorbed onto the adsorbent and then 
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filtered out with the solid adsorbent. The efficacy of the adsorbent depends on the 

surface chemistry and structure of the adsorbent. Ideally the adsorbent should be 

both cheap and readily available.  

Adsorption is where a substance, a gas, liquid or dissolved material adheres onto the 

surface of a solid. Physisorption is a physical adhesion onto a surface driven by 

attractive intermolecular forces where there is no change in the chemical bonding. 

Chemisorption is an adhesion where a chemical reaction takes place after a physical 

adhesion where a chemical bond, either covalent or ionic, is formed between the 

substance and the surface. Both physisiorption and chemisorptions are reversible but 

physisoprtion is generally weaker than chemisorptions Oura et. al. (2003).   

Graphene is a carbon based nanomaterial with large specific surface area and high 

chemical stability, (Gopalakrishnan et al. 2015). It has high surface area and can be 

altered by oxidation to add more hydrophilic functional groups, which makes it a 

very efficient for the adsorption of heavy metals. (Thangavel et al. 2014)   

Activated carbon is porous with a high surface area. It can be made from any high 

carbon content material. Activated carbon made from coal is expensive but it can be 

made more cost effective if it is made from agricultural biowaste such as saw dust, 

coconut shells or wood (Karthikeyan et al. 2005, Babel et al. 2004). Activated carbon 

is not a selective adsorbent and can adsorb most pollutants irrespective of charge or 

chemical composition.      

Carbon nanotubes are chemically similar to graphene but in a tubular shape rather 

than a sheet. It can be a single layer or several layers (Hongjie Dai. 2002). Carbon 

nanotubes have a large surface area, good stability, mesoporous and favourable 

electrical properties. Adsorption can occur inside pore, on the external surface of the 

nanotube or between tubes when they are in clusters (Agnihotri et al. 2006). They 

can be made by arc discharge, laser ablation and flame synthesis. It is very expensive 

as it requires expensive material or high temperatures and it is difficult to get pure 

carbon nanotubes as allotropes such as fullerene or grapheme sheets are also 

produced as by-products.    
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Clay has a high surface area, good physical properties such as plasticity and good 

bond strength as well as favourable chemical properties such as a large zeta 

potential, cation exchange capabilities. It also has good load bearing strength and is 

resistance to both physical and chemical wear (Singh et al. 2001, Krikorian& Martin, 

2008). Bentonite clay is low cost with good ion exchange capacity and 

regeneratablity. When the clay was heat treated at 400-500 ᵒC under limited supply 

of air the structure and water absorption was altered without changing its 

composition or morphology allowing it to be used in fixed bed columns without 

expansion. After being used to remove heavy metals the clay can be regenerated 

using a NaCl/HCl solution at a low pH which removed the adsorbed metal ions via 

ion exchange.  

Zeolites are microporous hydrated aluminosilicate minerals where some of the silica 

atoms have been replaced with aluminium molecules in the silica lattice. This gives 

the material an overall negative charge which is balanced out by exchangeable 

cations (Wingenfelder et al. 2005). This makes it ideal for the adsorption of heavy 

metal ions. It has a high surface area, good ion exchange properties, very 

hydrophilic, and has good chemical stability at low pH. 

Mesoporous silica has a uniform hexagonal array of channels, with pore size 

diameter between 2-10 nm which provides a large surface area for adsorption to take 

place. (Bhattacharyya et al. 2006) It has several polar groups (Si-OH) onto which the 

metal ions can undergo chemisorption. Its capacity can be improved by chemically 

adding carboxylic and sulfonic acid groups. The size of the pores can be tailored to 

the metal ion improving selectivity. However the production of mesoporous silica is 

laborious and requires specialised chemicals which would make producing large 

amounts of this for adsorption very expensive.  

A cheap alternative is to use agricultural biowaste such as rice husks, vegetable peel, 

straw, or coir pith as bioadsorbents. In a study by Amarasinghe (2007, 2011) coir 

pith and tea waste was shown to have a higher capacity for metals such as lead 

compared to activated carbon.   
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In a review by Nassrulla et al. (2016) it was shown that lignin can be a good 

nonspecific adsorbent to remove heavy metal pollutants from waste water. Ho et al. 

(1999) showed peat was an effective adsorbent in the removal of nickel and copper 

ions from aqueous solutions.  A study by Amarasinghe (2011) showed that coir pith 

can be used to remove heavy metals lead and cadmium from waste water. Coir pith 

is shown to be a good non-specific adsorbent in literature as shown in table 2. It can 

adsorb a variety of metal ions and can either be chemically modified or made into 

activated carbon to improve its absorption capabilities.   

Table 2  Adsorption capacities of various metal ions onto coir pith from literature 

Metal ion qmax (mg g
-1

) References 

Chromium ion/ Cr(VI) 42.71 (57%) P. Suksabye et al. (2009) 

Nickel ion/ Ni(II) 24.39 (80%) Ratan et al.(2016)  

Nickel ion/ Ni(II) 9.5 (41.5%) A. Ewecharoen et al. (2008) 

Cadmium/ Cd(II) 93.4 Kadirvelu, et al. 2003 

Cobalt/ Co(II) 12.82 
Suksabye P, et al. (2007) Chromium/ Cr(III) 11.56 

Nickel/ Ni(II) 15.95 

Zinc/ Zn(II) 8.6 Conrad, et al. (2007) 

 Lead/ Pb(II) 18.9 

Chromium/ Cr(IV) 6.3-26.8 Gonzalez et al. (2008) 

Lead ion/ Pb(II) 19.9 (99.8%) Amarasinghe et al. (2007) 

 

Coir pith has also been shown to be a good adsorbent of nickel and zinc ions compared to 

other adsorbents in literature having a good qmax value and high removal percentage as 

shown in table 3 and table 4. 

Table 3 Adsorption capacities of nickel ions onto coir pith and other adsorbents from 

literature. 

Adsorbent Nickle (II) 

qmax (mg g
-1

) References 

Sugar beet pulp 17.5 Reddad, et al.(2002)  

Anearobic biomass 25 Hawari, et al.(2006) 

Grape stalks 30  Villaescusa, et al. (2004) 

Coir pith 9.5 (41.2%) Ewecharoen et al. (2008)  

Modified coir pith 38.9 (94.5%) Ratan et al.(2016)  

Coir pith 24.39  Ajmal et al. (2006)  
Testa of groundnut shell 18.79 

Bagasse fly ash 12.82 Taha et al. (2006) 
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Banana peel 6.88 Annadurai , et al.(2002)  

Orange peel 6.01 Malkoc, et al.(2005)  

Tea factory waste 15.26 Gosset et al.(1986)  
Eutrophic peat 11.15 

 

Table 4 Adsorption capacities of zinc ions onto coir pith and other adsorbents from 

literature. 

Adsorbent Zinc (II) 

qmax (mg g
-1

) References 

Pseudomonas 8.13 Hidayati, et al. (2014) 

Zeolite 4.11 Zendelska et al. (2014) 

Coir 8.6  Conrad et al. (2007) 

Sugar beet pulp 18 Reddad et al. (2002) 

Papaya wood 14 Saeed, et al. (2005) 

Teakwood sawdust 11 Shukla,  et al. (2005) 
Groundnut shells 7.6 

Waste Olive cake (untreated) 22 Fernando et al. 2009 
Waste Olive cake (treated) 27 

Bentonite (bacteria enriched) 198.76  
Jablonovská et al. 2006 Zeolite (bacteria enriched) 88.26  

Quartz sand (bacteria enriched) 92.83  
 

Multicomponent adsorption is when absorption occurs in a solution where more than 

one compound can get absorbed onto the adsorbent. Competitive adsorption is when 

the compounds compete over the same adsorption sites and non-competitive 

adsorption is when the compounds adsorb onto different sites on the adsorbent. The 

presence of other compounds in the solution can lead to suppression or promotion of 

adsorption or the compounds may not affect the adsorption of the others.  

In a study by S. N. D. C. Ramos et al. (2015) about the mutlicomponent adsorption 

of cobalt (II), copper (II) and nickel (II) onto modified sugarcane bagasse, the 

adsorption of cobalt (II) and nickel (II) was suppressed by the presence of copper (II) 

while the adsorption of nickel (II) was suppressed by the adsorption of cobalt (II). 

2.4 Isotherm models 

An adsorption isotherm is a plot of equilibrium adsorption capacity, qe (mg g
-1

) 

against equilibrium concentration, Ce (mg L
-1

) at a constant temperature. Depending 

on the adsorbent, substance and other conditions such as pH, the isotherm can have 
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different shapes. Type I isotherm is when there is a monolayer formation, where the 

surface adsorption sites are completely covered with a single layer of the adsorbing 

substance. When the line plateaus the adsorbent has been completely saturated. This 

is characteristic of microporous solids. Type II isotherm is when following 

monolayer formation there is a multilayer build up. This is common for non-porous 

or macroporous adsorbents. Type III isotherm is when there is unrestricted 

multilayer formation where complete coverage/monolayer does not necessarily occur 

before multilayers occurring. This occurs when the attraction between the adsorbed 

ions / molecules are greater than or equal to the attraction between the surface and 

the ion / molecules. Type IV and type V is when the adsorption occurs on 

mesoporous solids by multilayer adsorption followed by capillary condensation. 

Capillary condensation is when vapour adsorbs onto a porous solid where the pore is 

filled with condensed liquid. Type IV has multilayer formation following monolayer 

formation while type V has unrestricted multilayer formation. Figure 1 shows type I- 

type V isotherms. 

 

Figure 1 Types of isotherm a) type I b) type II c) type III d) type IV e) type V 

Source: Khalfaoui et al.2003 

Several adsorption isotherm models have been developed, and widely used, to 

describe adsorption monolayer formation where the temperature is fixed. Langnuir 

isotherm model assumes a complete monolayer coverage of the solid adsorbent 
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(Langmuir, 1916) and is given by equation 1, where qe (mg g
-1

) is the equilibrium 

adsorption capacity, qmax (mg g
-1

) is the maximum adsorption capacity corresponding 

to complete coverage of available sites, Ce (mg L
-1

) the equilibrium concentration of 

metal ions in solution, kL (L mg
-1

) is the Langmuir isotherm constant. 

 𝒒𝒆 =
𝒒𝒎𝒂𝒙𝒌𝑳𝑪𝒆

𝟏+𝒌𝑳𝑪𝒆
   Eq. 1  

 

Equation 1 can be rearranged to the linear form expressed in equation 2.  

 𝑪𝒆

𝒒𝒆
=  

𝟏

𝒌𝑳𝒒𝒎𝒂𝒙
+

𝑪𝒆

𝒒𝒎𝒂𝒙
 Eq. 2 

 

 

The Freundlich isotherm is an empirical equation which takes into account 

heterogeneous adsorption (Freundlich, 1906). The Freundlich isotherm equation is 

described in equation 3 where qe (mg g
-1

) is the equilibrium adsorption capacity, Ce 

(mg L
-1

) is the equilibrium concentration, kF is the Freundlich constant which is the 

relative adsorption capacity of the adsorbent, n is the Freundlich constant which 

indicates adsorption intensity. If 1/n is closer to 1 the adsorption is more 

homogeneous and if 1/n is closer to 0 the adsorption is more heterogeneous.  

 

 
𝒒𝒆 = 𝒌𝑭. 𝑪𝒆

𝟏

𝒏   Eq. 3  

 

Equation 3 can be rearranged to the linear form expressed in equation 4. The 

isotherm can be obtained by plotting log qe against log Ce. 

 
𝒍𝒐𝒈𝒒𝒆 = 𝒍𝒐𝒈𝒌𝑭 +

𝟏

𝒏
𝒍𝒐𝒈𝑪𝒆 Eq. 4 

 

 

Extended Langmuir model is used to analyse the isotherm of the multicomponent 

system. This model takes into consideration the competitive forces that occur during 

adsorption (Singh et al. 2017). Equation 5 shows the general form of this equation 

which can model a system with several components.  

 
𝒒𝒆,𝒊 =  𝒒𝒎𝒂𝒙𝒌𝑳,𝒊𝑪𝒆,𝒊 /(𝟏 +  𝒌𝑳,𝒋𝑪𝒆,𝒋)

𝑵

𝒋=𝟏
 Eq. 5 
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As the system being studied contains only nickel and zinc equation 5 can be used to 

deduced equation 6 and equation 7 which can be used to analyse the nickel 

component and the zinc component of the binary system respectively where qe,Ni 

(mg g
-1

) is the equilibrium adsorption capacity of nickel at equilibrium, Ce,Ni (mg L
-1

)  

is the equilibrium concentration of nickel, kL,Ni (L mg
-1

) is the Langmuir constant for 

nickel, qe,Zn (mg g
-1

) is equilibrium adsorption capacity of zinc at equilibrium, Ce,Zn 

(mg L
-1

) is the equilibrium concentration of zinc, kL,Zn (L mg
-1

) is the Langmuir 

constant for zinc, and qmax (mg g
-1

) is the maximum capacity for the binary system. 

 𝒒𝒆,𝑵𝒊 =
(𝒒𝒎𝒂𝒙𝒌𝑳,𝑵𝒊𝑪𝒆,𝑵𝒊)

(𝟏 + 𝒌𝑳,𝑵𝒊𝑪𝒆,𝑵𝒊 + 𝒌𝑳,𝒁𝒏𝑪𝒆,𝒁𝒏)
 Eq. 6  

 𝒒𝒆,𝒁𝒏 =
(𝒒𝒎𝒂𝒙𝒌𝑳,𝒁𝒏𝑪𝒆,𝒁𝒏)

(𝟏 + 𝒌𝑳,𝑵𝒊𝑪𝒆,𝑵𝒊 + 𝒌𝑳,𝒁𝒏𝑪𝒆,𝒁𝒏)
 Eq. 7  

 

2.5 Kinetic models and thermodynamic analysis  

Kinetics is the study of how the reaction takes place over time and at which rate. By 

studying the kinetics it is possible to find out the how different conditions such as 

temperature or pH affect the mechanism of adsorption, the amount of adsorption 

overtime and the rate at which it occurs. It would be essential when trying to 

determine how long to carry out the adsorption as well as what conditions would be 

ideal for the system to be the most efficient. 

 

Lagergren pseudo-first model has been used by many researches to study adsorption 

where the sorbate interaction was not significant, and usually modelled accurately 

only the initial adsorption (Kumar. 2005). The pseudo-second order model was 

shown to be accurate in modelling the whole adsorption process.  

 

Lagergren pseudo first order which was proposed by Lageregen (1898) describes 

physisorption and can be derived from the integrated rate law (equation 8) where k1 

(min
-1

) is the rate constant of first order sorption, qe (mg g
-1

) is the amount of solute 

adsorbed at equilibrium, qt (mg g
-1

) is amount of solute adsorbed on the surface of 

the sorbent at any time t. 
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 𝒅𝒒𝒕

𝒅𝒕
= 𝒌𝟏(𝒒𝒆 − 𝒒𝒕) Eq. 8  

 

Equation 8 can be rearranged to a linearized form which is more commonly used. 

Log(𝑞𝑒) and k1 (min
-1

) can be determined from the intercept and slope of the plot of 

log(𝑞𝑒-𝑞𝑡) against t (min) as shown in equation 9. 

 𝒍𝒐𝒈 𝒒𝒆 − 𝒒𝒕 = 𝒍𝒐𝒈 𝒒𝒆 −
𝒌𝟏

𝟐. 𝟑𝟎𝟑
𝒕 Eq. 9  

Lagergren pseudo second order model was proposed by Ho (1995) and can be used 

to study processes where the adsorption reaction is the rate determining step. The 

solute and the adsorbent undergo a chemical reaction i.e. chemisorptions takes place. 

Lagergren pseudo second order can be derived from the integrated rate law (equation 

10) where k2 (g mg
-1

 min
-1

) is the rate constant of adsorption, qe (mg g
-1

) the amount 

of divalent metal ions adsorbed at equilibrium, and qt (mg g
-1

) is the amount of 

divalent metal ions on the surface of the adsorbent at time, t (min). 

 𝒅𝒒𝒕

𝒅𝒕
= 𝒌𝟐(𝒒𝒆 − 𝒒𝒕)

𝟐 Eq. 10  

 

The integrated form of equation 10 can be rearranged to its linear for equation 11. 

The values of 𝑘 2 (g mg
-1

 min
-1

) and 𝑞 𝑒  (mg g
-1

) can be determined from the 

intercept and slope from the plot of 
𝑡

𝑞 𝑡
 (min g mg

-1
) against t (min). 

 
𝒕

𝒒𝒕
=

𝟏

𝒌𝟐𝒒𝒆
𝟐

+ 
𝟏

𝒒𝒆
𝒕 Eq. 11  

 

The initial adsorption rate (Kalavanty et al. 2005) can be calculated using equation 

12 where k2 (g mg
-1

 min
-1

) is the rate constant of adsorption, qe (mg g
-1

) the amount 

of divalent metal ions adsorbed at equilibrium.  

 𝒉 = 𝒌𝟐𝒒𝒆
𝟐 Eq. 12  

 

However in instances where this equation cannot be used, such as when there is a 

considerable amount of desorption after the initial adsorption, the experimental 

initial adsorption rate, hexp can be estimated using equation 12 with the values of k2 

and qe calculated using only the data during the initial adsorption. 

 



15 
 

Intraparticle diffusion model (Cheung et al. 2007) was used to analyse the 

adsorption involves the transportation of the solute from the aqueous phase to the 

solid surface and then a diffusion of the solute into the pores of the solid. This is 

described by equation 13 where qt (mg g
-1

) is the amount adsorbed at time t (min). 

The rate constant kid (mg g
-1

min
-1/2

) is directly evaluated from the slope of the 

regression line. The intercept c (mg g
-1

) provides information of the thickness of the 

boundary layer, the larger the intercept the larger the boundary effect. 

 
𝒒𝒕 = 𝒌𝒊𝒅. 𝒕

𝟏

𝟐 + 𝒄 Eq. 13  

 

Based on the shape of the intraparticle diffusion graph and the way the regression 

lines intercept qualitative information about the mechanism of adsorption can be 

deduced as shown in Figure 2. In a two step in the adsorption process there is 

external mass transfer followed by intraparticle diffusion. If there are three 

intercepting lines of regression it can be deduced that after external mass transfer 

there are two distinct intraparticle diffusion steps; macropore diffusion followed by 

micropore diffusion. If there is a regression line which has a negative slope it 

indicates that desorption is occurs as the system reaches equilibrium. Desorption can 

occur after the intraparticle diffusion step or in some cases after the external mass 

transfer step, in that case it indicates there is no intraparticle diffusion or that it is not 

significant compared to the amount of desorption.  

 

 

Figure 2 Explanation for the shapes of the plot of the intraparticle diffusion model 
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Thermodynamics study of adsorption can be used to determine how spontaneous a 

reaction is under certain conditions as well as the entropic and enthalpy driving 

forces of the reaction process.   

The thermodynamic potential of the adsorption systems at four different 

temperatures were determined using the value of kd (L g
-1

) calculated using equation 

14 and then substituted into equation 15 to calculate  ΔGᵒ (J mol
-1

) which is the 

change in free energy, R is the gas constant (8.314 J mol
-1

 K
-1

)and T is the 

temperature (K) (Sharifipour et al. 2015) The standard enthalpy ΔHᵒ and the 

standard entropy ΔSᵒ were determined from the Van Hoff‟s equation (16). 

 𝒌𝒅 =
𝒒𝒆

𝑪𝒆
 Eq. 14  

 ∆𝑮ᵒ = −𝑹𝑻𝒍𝒏𝒌𝒅 Eq. 15  

 𝒍𝒏𝒌 =
𝜟𝑺ᵒ

𝑹
−

𝜟𝑯ᵒ

𝑹𝑻
 Eq. 16  

 

2.6 Summary 

The literature review highlights that it is important to develop a system to remove 

dangerous pollutants from water in developing countries,which is efficient, simple to 

carry out and affordable at both large and small scales. Adsorption is seen as a viable 

method due to its ease of application. The main cost in this process is the adsorbent. 

Hence the chosen adsorbent to be used in developing countries should ideally be 

affordable, readily available and environmentally friendly. For a tropical country like 

Sri Lanka bio-waste such as tea waste, rice husks and coir pith are ideal sources of 

adsorbent to be used. 
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CHAPTER 3: RESEARCH METHODOLOGY 

 

3.1 General 

This chapter describes the methodology followed for the research study. It includes 

the selection, characterization, and determination of the particle density of the 

adsorbent, preparation of stock solutions for batch adsorption test, determination of 

the adsorption isotherms, and study of the effect of pH on the adsorption of metal 

ions onto adsorbent, and adsorption kinetics of metal ion onto adsorbent. 

Based on literature reviewed in the previous chapter (Amarasinghe, 2007, 2011), 

low cost and the availability, coir pith was chosen as the adsorbent for this study. 

Coir pith is made up of mostly lignin and cellulose, which are organic polymers 

containing many polar surface functional groups such as esters, ethers and carbonyl 

groups. Nickel and Zinc were selected as heavy metals considering the heavy use of 

the materials in industries as described in the previous Chapter. 

 

3.2 Preparation of the Adsorbent 

Coir pith was obtained from Sampath Coir Mill, Singakkuliya, Sri Lanka and dried 

in the oven using stainless steel trays at 60 °C for 12 hours. It was sieved using a 

sieve shaker to obtain particles with a size distribution between 335 μm and 1 mm. 

The coir pith was washed with distilled water and then dried in the oven at 60 °C for 

12 hours. 

3.3 Characterization of the Adsorbent 

To determine the surface functional groups Fourier transform infrared spectrometer 

(FTIR) analysis of coir pith before adsorption, after nickel adsorption, after zinc 

adsorption and binary adsorption was carried out. The position and intensity of the 

peaks of the in the infrared spectrometer analysis allowed the functional groups to be 

identified as well as how the adsorption effected the prevalence and strength of these 

functional groups. Coir pith before adsorption was imaged using scanning electron 

microscopy (SEM) at 500x magnification to determine the pore structure and size. 
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3.4 Determination of particle density of Coir Pith Adsorbent 

Particle density was determined using the specific gravity bottle method. A washed 

and oven dried 50 ml specific gravity bottle was weighed (W1) and then around 1.5 

g of coir pith was added and then weighed again (W2). Enough coconut oil to cover 

the coir pith was added and was allowed time to soak completely. More coconut oil 

was then added to fill the bottle completely and then weighed again (W3). The bottle 

was then emptied, cleaned and oven dried and filled with oil completely and then 

weighed again (W4). The bottle was emptied, washed, dried, filled with distilled 

water, and then weighed (W5). 

Particle density, true (g cm
-3

), was calculated using the equation 17. 

 𝝆𝒕𝒓𝒖𝒆 =  
 𝑾𝟐 − 𝑾𝟏 (𝑾𝟒 − 𝑾𝟏)

 𝑾𝟓 − 𝑾𝟏 ((𝑾𝟒 − 𝑾𝟏) −  𝑾𝟑 − 𝑾𝟐 )
 Eq. 17  

 

Bulk density was measured using a weighed 10 cm
3
 measuring cylinder filled with 

coir pith and then compressed until it filled the cylinder. Weight was measured and 

the volume, according to the reading on the measuring cylinder, of the coir pith was 

noted. The bulk density, bulk (g cm
-3

) was calculated using the equation 18 where 

Vcoirpith is the volume of coir pith and mcoirpith is the mass of coir pith. 

 𝝆𝒃𝒖𝒍𝒌 =  
𝑽𝒄𝒐𝒊𝒓𝒑𝒊𝒕𝒉

𝒎𝒄𝒐𝒊𝒓𝒑𝒊𝒕𝒉

 Eq. 18  

 

Porosity, φ, was determined using equation 19 where 𝜌 𝑏𝑢𝑙𝑘  (g cm
-3

) is bulk density 

and true (g cm
-3

) is particle density. 

 𝝋 = 𝟏 −
𝝆𝒃𝒖𝒍𝒌

𝝆𝒕𝒓𝒖𝒆
 Eq. 19  

 

3.5 Preparation of stock solutions for batch adsorption test 

The stock solution of 1000 mg L
-1

 Ni(II) and Zn(II) were prepared from analytical 

grade nickel nitrate Ni(NO3)2.6H2O  and zinc nitrate Zn(NO3)2.6H2O (supplied by 

Sigma-Aldrich chemicals, Germany). 4.95 g of nickel nitrate hexahydrate was 

dissolved in 1000 ml of distilled water using a 1000 ml volumetric flask to prepare a 

solution of with a Ni(II) concentration of 1000 mg/L. 3.60 g of zinc nitrate 

hexahydrate was dissolved in 1 L of distilled water using a 1 L volumetric flask to 
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prepare a solution of with a Zn(II) concentration of 1000 mg/L. Refer Appendix for 

calculations.      

 

3.6 Effect of dose of coir pith on metal ion adsorption 

Synthetic waste water with volume 500 cm
3
 of nickel solution with concentration 25 

mg L
-1 

was made up by diluting 12.5 cm
3
 of the stock solution with concentration 

1000 mgL
-1

 with 487.5 cm
3 

of distilled water. Coir pith of mass 0.125 g, 0.25 g, 0.5 

g. 1 g and 2 g were each added to identical beakers with 500 ml solution and the 

mixtures were stirred using an agitator at 30 ᵒC. After 120 minutes when the solution 

has reached equilibrium the 50 cm
3 

samples of the solution were filtered using a 

filter paper and analysed using inductively coupled plasma mass spectrometry (ICP-

MS) to determine the final concentration.   

 

3.7 Determination of the adsorption isotherms 

 

Figure 3 Batch experiment set up for the Isotherm study 

3.7.1 Adsorption isotherm of single system adsorption onto coir pith 

500 cm
3
 solutions with initial concentrations of 10 mg L

-1
, 20 mg L

-1
, 50 mg L

-1
, 100 

mg L
-1

 and 200 mg L
-1 

(refer Appendix for details) were made by diluting stock 

solutions of concentration 1000 mg L
-1

 using distilled water. 0.75 g of the coir pith 

adsorbent was added to the solution and stirred using an agitator system at a speed of 
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135 rpm at 30 C (Figure 3). After 120 minutes when the solution has reached 

equilibrium the 50 cm
3 

samples of the solution were filtered using a filter paper and 

analysed using inductively coupled plasma mass spectrometry (ICP-MS) to 

determine the final concentration.   

3.7.2 Adsorption isotherm of binary adsorption onto coir pith 

500 cm
3
 solutions of nickel and zinc with a 1:1 ration and a combined initial 

concentrations of 10 mg L
-1

, 20 mg L
-1

, 50 mg L
-1

, 100 mg L
-1

 and 200 mg L
-1 

(refer 

Appendix for details) were made by diluting stock solutions of concentrations 1000 

mg L
-1

 using distilled water. 0.75 g of the coir pith adsorbent was added to the 

solution and stirred using an agitator system at a speed of 135 rpm at 30 C. After 

120 minutes when the solution has reached equilibrium the 50 cm
3 

samples of the 

solution were filtered using a filter paper and analysed using inductively coupled 

plasma mass spectrometry (ICP-MS) to determine the final concentration. 

 

3.8 Study of the effect of pH on the adsorption of metal ions onto coir pith 

3.8.1 Effect of pH on single system adsorption of nickel or zinc onto coir pith 

500 cm
3 

solutions with metal ion concentration 50 mgL
-1

 was made by diluting 25 

cm
3
 of stock solutions of concentration 1000 mg L

-1
 using 475 cm

3
 distilled water. 

The pH was adjusted using 0.5 M solution of sulphuric acid (H2SO4) to obtain 

solutions of pH 3, pH 4, and pH5. A solution of pH 8 was obtained using 0.1 M 

solution of sodium hydroxide (NaOH) in addition to a solution with pH 7 which was 

not adjusted by either acid or base. The modification in pH was monitored using a 

pH meter. 0.75 g of the coir pith adsorbent was added to each metal ion solution and 

stirred using an agitator system at a speed of 135 rpm at 30 C for 1 hour (Figure 3). 

50 cm
3 

samples of the solution were filtered using a filter paper and analysed using 

inductively coupled plasma mass spectrometry (ICP-MS) to determine the final 

concentration. 
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3.8.2 Effect of pH on binary adsorption of nickel and zinc onto coir pith 

500 cm
3 

solutions with nickel and zinc in a 1:1 ratio with a combined concentration 

50 mgL
-1

 was made by diluting 12.5 cm
3
 of stock solutions of concentration 1000 

mg L
-1

 using 475 cm
3
 distilled water. The pH was adjusted using 0.5 M solution of 

sulphuric acid (H2SO4) to obtain solutions of pH 3, pH 4, and pH5. A solution of pH 

8 was obtained using 0.1 M solution of sodium hydroxide (NaOH) in addition to a 

solution with pH 7 which was not adjusted by either acid or base. The modification 

in pH was monitored using a pH meter. 0.75 g of the coir pith adsorbent was added 

to each metal ion solution and stirred using an agitator system at a speed of 135 rpm 

at 30 C for 1 hour. 50 cm
3 

samples of the solution were filtered using a filter paper 

and analysed using inductively coupled plasma mass spectrometry (ICP-MS) to 

determine the final concentration. 

 

3.9 Study of the kinetics of metal ion adsorption onto coir pith 

The kinetic study was carried out at temperatures of 30 °C, 40 °C, 50 °C and 60 °C 

using the same initial solution concentration, volume, mass of coir pith adsorbent 

and conditions varying only the temperature and the time at which samples were 

taken. Identical reaction mixtures were carried out with samples taken out at 

different times. The temperature was kept constant using a water bath. The solutions 

were allowed to reach their target temperature before coir pith was added. 

 

Figure 4:Batch experiment set up for kinetic study 
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3.9.1 Study of adsorption kinetics of nickel or zinc ion adsorption onto coir pith 

For the single system studies 500 cm
3 

solution of synthetic waste water with metal 

ion concentration 50 mg L
-1

 was made up by diluting 25 cm
3
 of either nickel or zinc 

stock solution of concentration 1000 mg L
-1

 with 475 cm
3
 of distilled water. The 

solution was allowed to reach the target temperature in the stasis water bath before 

0.75 g of coir pith was added. The solution mixture was stirred using a clean spatula 

as shown in figure 5. Samples were taken out at 1 minutes, 2 minutes, 5 minutes, 10 

minutes and 30 minutes. 50 cm
3 

samples of the solution were filtered using a filter 

paper and analysed using inductively coupled plasma mass spectrometry (ICP-MS) 

to determine the final concentration. 

For the binary system study 500 cm
3 

solution of total metal ion concentration 50 mg 

L
-1

 was made up by diluting 12.5 cm
3
 of each nickel and zinc stock solution of 

concentration 1000mg L
-1

 with 475 cm
3
 of distilled water. The rest of identical to the 

single system study.  

3.9.2 Analysis of the kinetic data 

The kinetic data was analysed using the Lagergren pseudo first order equation and 

Lagergren pseudo second order reaction models to study the rate and mechanism of 

adsorption. Depending on the data it was analysed using either the graphical method 

which involved plotting the data on a graph according to the models or by using the 

data fitting method.  

For example when using the data fitting method with the Lagergren pseudo second 

order model was used to determine the values of rate constant k
2
 (g mg

-1
min

-1
) and 

equilibrium adsorption capacity qe (mg g
-1

). While for the graphical method the 

linear form of the model was used to plot a straight line, for the data fitting method 

the non-linear form of equation 11 was used as shown in equation 20.   

 𝒒𝒕 =
𝒒𝒆

𝟐𝒌𝟐𝒕

𝟏 + 𝒌𝟐𝒒𝒆𝒕
 Eq. 20  
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First the values of qe and k2 were approximated and then substituted in the equation 

to derive approximate values of qt. The experimental values of qt were subtracted by 

the predicted values of qt and then squared to get R
2
 value for each time. The sum of 

the R
2
 values were determined and then using the solver function in excel the sum of 

the R
2
 values were set to find the possible minimum value of the sum of R

2
 by 

changing the values of qe and k2. The new values of qe and k2 output by solver should 

be most accurate values of qe and k2 for the model to match the experimental data. 
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CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1  Overview 

The coir pith adsorbent as well as the single and binary adsorption process of nickel 

and zinc onto coir pith under various conditions was studied. The effect of pH, 

temperature, dose and adsorption over time were studied in order to understand the 

mechanism of adsorption, the nature of the adsorption and how to optimise the 

adsorption process. Results obtained are presented and discussed in this section.  

4.2 Characterization of adsorbent by Scanning ElectronMicroscopy (SEM) 

The surface morphology of coir pith adsorbent was examined by scanning electron 

microscopy (SEM) and is shown in Figure 5 Coir pith is a low density adsorbent 

with pores of various sizes with diameters between 25 to 50 µm. The low density and 

porous structure of coir pith allows a large surface of the adsorption of heavy metals. 

The structures of the coir pith are long channels arranged in a honey comb structure. 

The surface of the coir pith is also rough with micro pores which offer an excellent 

surface for molecular adhesion.  

 

Figure 5 Scanning electron microscopy image of the surface of coir pith before 

adsorption at a magnification of 500 times, a) mouths of the pores of coir pith, b) 

exposed channels of the coir pith pores 
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4.3 Particle size distribution and density determination  

The particle size distribution was determined using sieve analysis as shown in Figure 

6 in the range between 1000 μm and 335 μm . The average particle size was 

determined to be 686 μm. 47% of the coir pith was within the range 1000-710 μm, 

34 % of the coir pith was within the range 710- 500 μm and 19 % of the coir pith was 

within the range of 500- 335 μm.   

 

Figure 6. Particle size of coir pith against percentage mass of coir pith 

The particle density was determined using the specific gravity bottle method with oil 

as the medium and the true density (ρtrue) calculated using equation 17 was found to 

be 0. 497 gcm
-3

. This was less than typically found in the literature. In a study about 

the physical properties of coir pith by Neethi et al. (2006) found the density value to 

be between 0.939 – 0. 605 g cm
-3

, however this was at a variety of moisture content 

and a slightly different particle size range which could have lead to this discrepancy.  

In a different study by Amarsinghe (2007) the particle density was found to be 0.799 

g cm
-3

 when using oil and a measuring cylinder to determine volume. This difference 

might be due to the difference in type of coconut, the dryness, age, and particle size 

of the coir pith. The bulk density (ρbulk) calculated using equation 18 was found 

experimentally to be 0. 114 g cm
-3

 which was within range of the bulk density found 

by Neethi et al. (2006) which was 0.097- 0.341 gcm
-3

 and Amarasinghe (2007) 0.116 

g cm
-3

. From the experimentally determined values of particle density and bulk 

density the porosity was calculated and found to be 0.77.      
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4.4 Effect of dose of coir pith adsorbent and the initial heavy metal 

concentration on the adsorption of nickel metal ions 

The effect of adsorbent dose was studied by finding the percentage of metal ions 

removed as shown in Figure 7 and the equilibrium adsorption capacity as shown in 

Figure 8, when different amounts of adsorbent with nickel solutions of concentration 

25 mg L
-1

 at 30 °C.  

 

 

Figure 7. Percentage of nickel metal ion removed at equilibrium against coir pith 

adsorbent dose for a solution with an initial concentration of 25 mgL
-1

 at 30 °C 

The adsorption of nickel increases with the increase in dosage of adsorbent due to 

the increase in the surface for adsorption to occur.  
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Figure 8.Equilibrium adsorption capacity of nickel ions against coir pith adsorbent 

dose for a solution of initial concentration 25 mgL
-1

 at 30 °C 

The equilibrium adsorption capacity decreases with increase in dosage of adsorbent 

despite more adsorption occurring overall as the increase in adsorption is less than 

proportional to the increase in the amount of adsorbent. This is likely because as 

there is more adsorption the concentration gradient decreases and the driving force 

for adsorption decreases.  

 

Figure 9.Equilibrium adsorption capacity against initial concentration for the single 

and binary systems of nickel and zinc 

From figure 9 it is evident that at low initial metal ion concentrations the amount of 

adsorption is roughly equal in all three systems however at higher concentrations the 

amount of zinc adsorption is much greater than that for nickel or in the binary 
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system. This suggests the initial concentration has a large effect on the amount of 

zinc as the concentration gradient being a primary driving force for the adsorption. 

At higher initial concentrations in the binary system the adsorption capacity stops 

increasing with increase in initial concentration suggesting that the surface becomes 

saturated and no further adsorption can occur. This is not observed in the single 

system adsorption for either nickel or zinc under the range of concentration studied. 

This suggests the competitive environment of the binary adsorption system limits the 

adsorption or effects the mechanism or degree to which adsorption occurs.     

4.5 Adsorption isotherms for nickel, zinc and the binary system 

The adsorption isotherm gives information about the mechanism of metal ions 

adsorbs on the adsorbent surface. It was constructed by plotting a graph of 

equilibrium adsorption capacity, qe(mg g
-1

), against equilibrium concentration, Ce 

(mg L
-1

) at a constant temperature of 30 ᵒC for solutions of various initial 

concentrations to which 0.75 g of coir pith adsorbent had been added. By studying 

the difference in adsorption equilibrium over a range of concentrations it is possible 

to determine the maximum adsorption capacity of the adsorbent. Figure 10 shows the 

plot of qe (mgg
-1

) against Ce (mgL
-1

) for the adsorption of single system nickel, single 

system zinc, and binary system adsorption. 

 

Figure 10. Adsorption isotherms of single system zinc, single system nickel and the 

binary system of equilibrium adsorption capacity against equilibrium concentration 

at 30 ᵒC  
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The regression line for the single system isotherms was drawn using the Freundlich 

constants shown in Table 5. The regression line for the binary system was drawn 

using the calculated Langmuir values shown in Table 5. The adsorption capacity of 

coir pith for zinc is much higher than that for nickel or the binary system. In the 

range of concentrations tested, the coir pith had not reached full saturation for either 

nickel or zinc but had reached full saturation for the binary system by an initial metal 

ion concentration of 50 mg L
-1

. As the binary system has an adsorption capacity less 

than the average of the single system adsorptions we can infer that the binary 

environment interferes with the adsorption process. 

 

Figure 11. Adsorption isotherms of the nickel and zinc components of the binary 

system of 30 ᵒC  

Figure 11.which shows the nickel and zinc components of the binary system at 30 C 

show the amount of zinc adsorbed is more than the amount of nickel adsorbed, which 

is similar to the behaviour of the single system where there is more zinc adsorption 

than nickel adsorption. The disparity between the two amounts however is much less 

compared to their equivalents in the single system. 

The competitive behaviour was studied using the ratios between the equilibrium 

adsorption capacity of a metal in the binary system (qe) and the equilibrium 

adsorption capacity of the single system for that metal (qm). The qe values are 

doubled as the initial concentration of the metal ions component is half that of the 
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metal ion in the binary system. When the ratio of qe/qm is greater than 1 it means the 

adsorption is promoted and therefore the presents of other metals would result in 

synergism, if qe/qm is equal to 1 there is no interaction between the metal ions, and if 

the ratio of qe/qm is less than 1 the metal ions are antagonistic. 

If metal ions are synergistic the adsorption is promoted and the different metal ions 

have different adsorption sites while if the metal ions are antagonistic the metal ions 

compete over the same adsorption sites. Figure12 shows how the ratio changes as the 

concentration changes. At lower concentrations there is no competition between the 

metal ions. 

 

Figure 12.Equilibrium adsorption capacity ratios qe/qm against initial concentration 

of the metal ions. 

 For nickel the equilibrium adsorption capacity ratios is approximately one until the 

concentration is increased above 50 mg L
-1

, after which the ratio decreases 

suggesting at higher concentrations nickel and zinc become more antagonistic. Zinc 

is shown to have synergistic behaviour at lower concentrations with the ratio being 

greater than 1, however like for nickel at higher concentrations the ratio becomes 

less than 1 due competition. When comparing Figure 12 with Figure 10 and Figure 

11 it is evident that when the initial solution concentration above 50 mg L
-1 

the 
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adsorbent surface becomes saturated resulting in an decrease in equilibrium 

adsorption ratio.    

The data from the nickel and zinc single system adsorption at 30 ᵒC was fitted to the 

Lagmuir and Freundlich isotherm models. The Langmuir parameters qmax (mg g
-1

) 

and kL (Lm g
-1

) were calculated using equation 2 and the Freundlich parameters kF 

and 1/n were calculated using equation 4 and the results are shown in Table 5. 

Table 5 Isotherm parameters for the single system and binary adsorption of nickel 

and zinc solutions onto 0.75 of coir pith at 30 ᵒC 

Type of isotherm Single system Binary system 

Parameter Ni Zn Ni Zn Combined 

Langmuir 𝑞𝑒 =
𝑞𝑚𝑎𝑥 𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
 

qmax (mg g
-1

) 23.23 65.04   14.4 

kL (L mg
-1

) 0.045 0.014   0.32 

R
2
 0.89 0.96   0.99 

Freundlich 𝑞𝑒 = 𝐾𝐹𝐶𝑒

1

𝑛  

kF 3.99 3.17   6.95 

1/n 0.33 0.53   0.13 

R
2
 0.98 0.97   0.57 

Competitive 

Langmuir 
𝑞𝑒 ,𝑖 =

𝑞𝑚𝑎𝑥 . 𝑘𝐿,𝑖 . 𝐶𝑒 ,𝑖

1 + 𝑘𝐿,𝑖 . 𝐶𝑒 ,𝑖 + 𝑘𝐿,𝑗 . 𝐶𝑒 ,𝑗
 

qmax  (mg g
-1

)     13.6 

kL (L mg
-1

)   0.30 0.35  

R
2
   0.50 0.54  

Non-competitive 

Langmuir  
𝑞𝑒 ,𝑖 = 𝑞𝑚𝑎𝑥 (

𝑘𝐿,𝑖 . 𝐶𝑒 ,𝑖 + 𝑘𝐿,𝑖 ,𝑗 . 𝐶𝑒 ,𝑖 . 𝐶𝑒 ,𝑗

1 + 𝑘𝐿,𝑖 . 𝐶𝑒 ,𝑖 + 𝑘𝐿,𝑗 . 𝐶𝑒 ,𝑗 + 𝑘𝐿,𝑖 ,𝑗 . 𝐶𝑒 ,𝑖 . 𝐶𝑒 ,𝑗
) 

qmax (mg g
-1

)     6.65 

kL (L mg
-1

)   0.73 0.48 0.64 

R
2
   0.69 0.62  
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The Langmuir parameter qmax (mg g
-1

) is the maximum adsorption capacity and kL (L 

mg
-1

) is the equilibrium constant for the adsorption. The data for the single system 

nickel adsorption fit into the Langmuir model with a R
2
 value of 0.89, maximum 

adsorption capacity, qmax, of 23.23mgg
-1

, and Langmuir constant kL, was 0.045 L mg
-

1
. The data for the single system adsorption of zinc fit better into the Langmuir 

model with a R
2
 value of 0.96, maximum adsorption capacity, qmax, of 65.04 mg g

-1
, 

and Langmuir constant kL, was 0.014 L mg
-1

.  

The maximum adsorption capacity of zinc is greater than nickel however the 

Langmuir constant kL which is analogous to the equilibrium constant is larger for 

nickel than for zinc suggesting the equilibrium favours adsorption over desorption 

more in nickel than in zinc. However that maybe because under equilibrium 

conditions the concentration of the metal ions adsorbed on the coir pith is higher for 

zinc therefore desorption is more favourable than for nickel. 

The Freundlich parameter, kF, which describes relative adsorption capacity, of zinc is 

less than that of nickel being 3.17 and 3.99 respectively. This suggests nickel has a 

greater affinity for the adsorbent than zinc. The Freundlich parameter 1/n which is 

the adsorption intensity is greater for zinc than for nickel being 0.53 and 0.33 

Modified 

Competitive 

Langmuir model 

𝑞𝑒 ,𝑖 =
𝑞𝑚𝑎𝑥 ,𝑖 . 𝑘𝐿,𝑖 . 𝐶𝑒 ,𝑖

1 + 𝑘𝐿,𝑖 . 𝐶𝑒 ,𝑖 + 𝑘𝐿,𝑗 . 𝐶𝑒 ,𝑗
 

qmax(mg g
-1

)   99.3 7.51  

kL(L mg
-1

)   0.05 0.75  

R
2 

  0.51 0.51  

Langmuir-

Freundlich 
𝑞𝑒 ,𝑖 =

𝑞𝑚𝑎𝑥 . 𝑘𝐿𝐹,𝑖 . (𝐶𝑒 ,𝑖)
1

𝑛 ,𝑖

1 + 𝑘𝐿𝐹,𝑖 . (𝐶𝑒 ,𝑖)
1

𝑛 ,𝑖 + 𝑘𝐿𝐹,𝑗 (𝐶𝑒 ,𝑗 )
1

𝑛 ,𝑗

 

qmax(mg g
-1

)   13.44 

kLF   0.46 0.32  

1/n   0.93 1.09  

R
2
   0.89 0.83  
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respectively. As both the values are between 0 and 1 the processes are confirmed to 

be chemisorptions. As 1/n of nickel is closer to 0 the curvature of the isotherm is 

greater and the process can be interpreted as being more heterogeneous. 

In order to calculate qmax using the Freundlich model equation 21 suggested by 

Halsey (1952) must be used. The Freundlich expression is an exponential equation 

and therefore assumes that as the initial solution concentration increases, the 

concentration of the solute on the adsorbent increases. The value of kF is larger for 

nickel but the value for 1/n is larger for zinc. At a lower initial concentration the qmax 

of nickel would be higher than zinc while a larger initial concentration would show a 

larger qmax for zinc. This is illustrated in Figure 13 and in the Appendix.   

 
𝒒𝒎𝒂𝒙 = 𝒌𝑭. 𝑪𝒐

𝟏

𝒏 Eq. 21  

 

 

Figure 13. Initial concentration against maximum adsorption capacity (qmax) 

calculated using values derived from the Freundlich constants 

The correlation coefficient R
2
 for nickel and zinc for the Langmuir isotherm is less 

than the R
2 

obtained from using the Freundlich model, thus the Freundlich model is 

more suitable for the analysis of this system.  

The data from the binary system at 30 ᵒC was fitted to the Langmuir isotherm model, 

and the Freundlich isotherm model, the competitive Langmuir isotherm model, non-

competitive Langmuir model, modified competitive Langmuir isotherm model, the 

and the Langmuir-Freundlich isotherm model.  
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The binary system data fit into the Langmuir model well with a R
2
 value of 0.99, the 

qmax value is 14.4 mg g
-1

 and the kL value of 0.32. The qmax value is similar to the 

experimental value 14 mg g
-1

 when the adsorbent surface was saturated which was 

determined from the plateau of the adsorption isotherm graph Figure 10.  From this it 

is evident that the adsorption capacity is less than the single system adsorption yet 

the kL values is larger, which suggests that adsorption in the equilibrium is more 

favourable than in the adsorption equilibrium for the single system adsorption, 

probably as the binary system reaches full saturation at a lower concentration than 

the single systems for either metal ion. As the data fits well into this model it can be 

deduced that there is monolayer formation and the surface is homogenous.    

When the binary data was fit into the Freundlich model and obtained a kF value of 

6.95 and a 1/n value of 0.13. The data suggests the relative adsorption capacity of the 

binary system is greater than that of the single system but has lower adsorption 

intensity. A low 1/n value suggests a more heterogeneous surface which contradicts 

what can be inferred from the graphical interpretation of the data shown in Figure 10. 

The low R
2 

value of 0.57 shows the data does not fit the model well and cannot be 

used to analyse this system.   

The competitive Langmuir isotherm model calculates the parameters pertaining to 

nickel and zinc simultaneously. This model assumes uniform surface coverage, 

equivalent sites and all ions compete for the same sites. The qmax for the whole 

system which includes both nickel and zinc adsorption was 13.6 mg g
-1

, which is 

very similar to the value of qmax obtained from the Langmuir model and value of qmax 

which can be deduced from the Figure 10.  

The kL values for the nickel and zinc components were 0.30 and 0.35 respectively 

which is similar to the kL value obtained when the data was fit into the Langmuir 

model. The kL value for the zinc component is slightly higher than the nickel 

component suggesting the adsorption equilibrium of zinc is more favourable than 

that for nickel. This is consistent with Figure 11 which shows there is less nickel 

adsorption than zinc adsorption.  However the R
2
 value is 0.5 and 0.54 for nickel and 
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zinc respectively. This low correlation coefficient suggests that the competitive 

Langmuir model is unsuitable for this system.  

The non-competitive Langmuir model assumes that the two ions can occupy the 

same active site simultaneously. The kL values are 0.73 for the nickel component, 

0.48 for the zinc component, and 0.64 for the whole binary system. The kL value for 

the total binary system is twice that for the equivalent kL value calculated by the 

Langmuir model. The qmax value calculated by this model is 6.65 mg g
-1

 and about 

half that of the previous models and the qmax observed in Figure 10. The correlation 

coefficients, R
2
, are low for nickel and zinc being 0.69 and 0.62 respectively. This 

suggests this model is unsuitable to analyse this system and the metal ions do not 

occupy the same adsorption sights simultaneously.   

The modified competitive Langmuir model assumes the different metals have 

different adsorption capacities and different adsorption sites and that the system is 

heterogeneous. The qmax values calculated by this model had a very different range 

than values calculated by the Langmuir model. The qmax value for the nickel 

component was 99.3 mg g
-1

 which is much larger than the qmax of the zinc component 

at 7.51 mg g
-1

 this is very dissimilar to the experimental data.  

Similarly the kL values for the nickel and zinc components are 0.05 and 0.75 

respectively which suggests there is much more zinc adsorption than nickel 

adsorption which is inconsistent with what is observed experimentally, which is that 

they have roughly equal amounts of adsorption.  The R
2
 for nickel and zinc is 0.5, 

therefore this model is unsuitable to analyse this system. From this it can be deduced 

the binary adsorption does not behave as assumed by the model. 

Langmuir-Freundlich isotherm model can describe both Langmuir type behaviour 

and Freundlich type behaviour, where qmax is the maximum adsorption capacity of 

the system, kLF is the affinity of the adsorbent to the adsorbate and 1/n is the degree 

of heterogeneity. The correlation coefficient, R
2
, for nickel and zinc are 0.89 and 

0.83 respectively. The kLF values are within a reasonable range but the kLF value for 

nickel is 0.46 and the value for zinc is 0.32 which suggests nickel has a higher 

affinity for the surface than zinc, which contradicts the results shown in Figure 11. 



36 
 

The 1/n values for both nickel and zinc are close to 1, which suggests the surface is 

homogenous.  

This means the surface has a uniform monolayer where there is little interaction 

between the adsorbed ions. The qmax value is also very similar to the experimental 

value of qmax. The Langmuir-Freundlich model fit the data the best of the competitive 

isotherm models having R
2
 values of 0.89 and 0.83 for nickel and zinc respectively. 

This suggesting the binary adsorption has both Langmuir and Freundlich type 

behaviour.    

Since the Langmuir model shows a better fit for the data and is simpler to model it 

would be the better model to use to analyse this system. As the binary system fit the 

Langmuir model best, the adsorption in the binary system most likely forms a 

monolayer with very little diffusion into the adsorbent. 

4.6 Effect of pH on the adsorption of nickel and zinc 

The alkalinity and the acidity of the solution have a great effect on the adsorption of 

metal ions onto the adsorbent. The adsorption of nickel, zinc, and binary solutions 

were carried out at 30 °C for 1 hour. The results are shown in Figure 14 where 

adsorption capacity, qt, was plot against pH. Figure 15 shows the effect of pH on the 

individual components of the binary system.  

 

Figure 14. Adsorption capacity qt, of single system nickel, single system zinc and the 

binary system of nickel and zinc against various pH after 1 hour for an initial 

concentration of 50 mg/L at 30 ᵒC 
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The adsorption capacity decreases greatly when the pH is decreased from the neutral 

pH 7 and when the pH was increased the adsorption increased. The plots of both 

nickel zinc adsorption shows the adsorption plateaus between pH 5-7. It was not 

possible to study the adsorption at a higher pH was at any pH value above 8 the zinc 

metal precipitated from the solution when they form insoluble metal hydroxide 

complexes.   

This shows that at lower, more acidic environments adsorption decreases and the 

adsorption capacity was higher at higher pH, more basic environments. This was 

likely due to how the acid affects the functional groups on the adsorbent surface and 

therefore their effect on the adsorption mechanism. 

At neutral pH the metal ion replaces a hydrogen atom on the surface functional 

group as shown in equation 22. At lower pH, more acidic environments there were 

higher concentrations of hydrogen ion, [H
+
]. These ions, especially when in high 

concentrations protonate the surface functional groups, making the functional groups 

positively charged as shown in equation 23. This repelled the metal ions from the 

surface due to them having similar charges. The presence of hydrogen ions would 

also shift the equilibrium towards the side of the reactants.  

When the pH was increased to pH 8 by the addition of sodium hydroxide, NaOH, the 

adsorption capacity increased. The hydroxide ions deprotonates the functional 

groups on the adsorbent surface making the functional groups positively charged 

which attracts the metal ions to the adsorbent surface shown as in equation 24. 

 𝑹𝑶𝑯 + 𝑴+ ⇌  𝑹𝑶𝑴 + 𝑯+ Eq. 22  

 𝑹𝑶𝑯 + 𝑯+ ⇌  𝑹𝑶𝑯𝟐
+ Eq. 23  

 𝑹𝑶𝑯 + 𝑶𝑯− ⇌  𝑹𝑶− + 𝑯𝟐𝑶 Eq. 24  

 

Nickel and zinc as well as the binary system were affected by the change in pH to 

similar extents. As shown in Figure 15 in the binary system the amount of adsorption 

for the nickel and zinc components were nearly identical, showing the change of pH 

and the effected it had on the adsorption mechanism affected both the mechanism 
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equally. From this we can deduce that the metals have similar adsorption 

mechanisms which are both affected by a change in pH. 

 

Figure 15. Adsorption capacity qt of the nickel and zinc components against pH for 

the binary adsorption of concentration 50 mg/L after 1 hour at 30 ᵒC 

These experimental results are consistent with the literature. In a study by 

Ewecharoen et al. (2008) where the adsorption of nickel onto coir pith which showed 

the adsorption was lowest at pH 1-2 and highest amount of adsorption at pH 7. In a 

similar study by Amarasinghe (2011) where the adsorption of cadmium and lead 

onto coir pith was studied, the results suggests that adsorption increases with pH as 

there is very low adsorption at pH 1-2 and the most adsorption at pH 5-7. Very few 

of these studies show the effect of pH at pH values higher than 7, likely due to the 

possibility of precipitation of the metal ion complexes. Both nickel and zinc 

precipitate out of solution at around pH 9-10. 
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4.7 Kinetics of single system and binary system adsorption of nickel and zinc  

4.7.1. Adsorption kinetics of single system nickel at various temperatures 

A kinetic analysis was carried to study how nickel adsorption occurred as it 

approached equilibrium to determine the rate as well as determine the nature and 

mechanism of the adsorption. The adsorption of nickel onto coir pith over time at 

temperatures 30, 40, 50 and 60 °C was shown in Table 6. The equilibrium adsorption 

capacity qmax at 120 minutes as a function of temperature is shown in Figure 16.  The 

adsorption of nickel at 30 °C increases until it reaches equilibrium adsorption 

capacity of 12.7 mg g
-1

. The system at 40 °C shows initially more adsorption but it 

eventually decreases due to desorption occurring as it reaches equilibrium. At 60 °C 

nickel adsorption is initially very high but there is a lot of desorption as it approaches 

equilibrium.  

Table 6. Adsorption capacities (qt) of single system nickel at variable times at the 

temperatures of 30, 40, 50, and 60 °C (Co= 50 mgL
-1

, adsorbent dose= 0.75g) 

qt/mg g
-1

 

time/ min 

30 °C 40 °C 50 °C 60 °C 

1 9.3 9.4 9.3 18.1 

2 9.4 12.0 10.7 12.0 

5 11.2 11.4 9.3 23.5 

10 11.9 13.9 12.7 17.9 

30 12.0 13.4 12.0 17.8 

120 12.1 12.7 14.0 14.7 

 

 

Figure 16. Equilibrium adsorption capacity, qmax, of single system nickel at 120 min 

as a function of temperature 
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The increase in equilibrium adsorption with the increase in temperature may be due 

to the adsorption process being endothermic or due to expansion of coir pith which 

gives a larger surface for adsorption resulting in more adsorption at higher 

temperatures. A similar trend was shown in a study by S. Ratan et al. (2016) who 

suggested that the increase in the adsorption of nickel onto chemically modified coir 

pith with increase in temperature was due to the increase in kinetic energy. This is 

consistent with what is seen in the nickel adsorption at 60 °C which had a much 

higher initial adsorption and slightly higher equilibrium adsorption capacity. 

The data was analysed using the linear form of the Lagergren pseudo first order 

model (equation 9) by plotting the graph of ln(qe-qt) against time, t (min), as shown 

in Figure 17. The rate constant k1 (min
-1

) was estimated from the gradient and the 

equilibrium adsorption capacity was estimated from the intercept. The data fit poorly 

in the model resulting in low R
2
 values. The data from the system at 60 °C could not 

be analysed as the experimental qe value is lower than all the previous qt values due 

to a significant amount of desorption occurring as the system reaches equilibrium 

resulting in (qe-qt) being negative. This was also the reason the system at 40 °C had 

only 3 data points in Figure 17.  

 

Figure 17. Plot of linearlized pseudo first order model analysis for the adsorption of 

nickel at temperatures of the Ln(qe-qt) against time at 30, 40, 50 and 60 °C 
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also resulted in a poor fit so the results were not included. The poor fit of the data 

suggests that the model is unsuitable to analyse this system and that adsorption does 

not occur via physisorption.  

 

 

Figure 18.Plot of time divided by the adsorption capacity t/qt for the linear form of 

the Lagergren pseudo second order analysis single system adsorption of nickel onto 

coir pith against time at a) 30 ᵒ, b) 40 ᵒC, c) 50 ᵒC, d) 60 ᵒC 

The data was then analysed using the linear form of the Lagergren pseudo second 

order model (equation 11) by plotting t/qt (min mg
-1

g) against time, t (min) as shown 

in Figure 18 where equilibrium adsorption capacity was estimated from the gradient 

and the rate constant, k2 (g mg
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-1

) was estimated from the intercept. The R
2
 for 

the data was 0.99 at all the temperatures, the calculated values of qe match very 

closely to the experimental values shown in Table 7. The decrease in k2 value with 
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rate of desorption increases with temperature. 
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Table 7.Kinetic constants of nickel adsorption determined by the Lagergren pseudo 

second order analysis 

Temperature/ᵒC hexp/ mgg
-1 

min
-1

 qe (exp)/mgg
-1

 qe(pred)/mgg
-1

  k2/ mg
-1

gmin
-1

 R
2
 

30 25 12.67 12.20 0.20 0.99 

40 21 12.70 12.82 -0.41 0.99 

50 17 14.00 14.29 0.04 0.99 

60 83 14.70 14.71 -0.04 0.99 

 

For the system at 40 ᵒC and 60 °C, possibly due to the desorption that occurs the k2 

value was negative due to the desorption which occurs as the system reaches 

equilibrium. The values of k2 and qe were used to calculate lines of regression as 

shown in Figure 19. 

 

 

Figure 19.Plot of the adsorption capacity qt for the single system adsorption of nickel 

onto coir pith against time at a) 30 ᵒ, b) 40 ᵒC, c) 50 ᵒC, d) 60 ᵒC for nickel with an 

initial concentration of 50 mg L
-1

. 
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The best method to analyse the adsorption data would be to use the linear form of the 

Lagergrem Pseudo second order model. As the data was very consistent with this 

model the adsorption occurs via chemisorption.       

The kinetic data of nickel adsorption at various temperatures was then analysed 

using the intraparticle diffusion model (equation 13). The data for the adsorption of 

nickel at 30 °C was shown in Figure 20 where adsorption capacity at a given time, qt 

(mgg
-1

), was plot against the square root of time, t
1/2

(min
1/2

). The plot was multi-

linear with two distinct lines intersecting with the line not intersecting the origin. 

From this we can deduce the adsorption process is influenced by two or more steps. 

Majority of the adsorption occurs via external mass transfer with intra-particle 

diffusion being slower. After intraparticle diffusion step there is very little 

adsorption, likely due to saturation of the adsorbent suggesting only macroporous 

diffusion occurs.  The intercept of the first line 7.858 mg g
-1 

is proportional to the 

boundary layer thickness, is larger due to the external mass transfer effect. The 

gradient of the first line is the rate parameter of the intraparticle diffusion which is 

1.328 mg g
-1

 min
-1/2

.  

 

Figure 20.Intraparticle diffusion model of nickel at 30 °C 
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Figure 21 shows the analysis of the nickel adsorption data at 40 °C by the 

intraparticle diffusion model with adsorption capacity against the square root of time. 

Similarly to the adsorption at 30 °C adsorption occurs in distinct steps, first a quick 

external mass transfer step. However unlike the previous system after the 

intraparticle diffusion desorption occurs as the system reaches equilibrium. The 

boundary layer thickness is proportional to 8.382 mg g
-1

 and the rate parameter is 

1.688 mg g
-1

 min
-1/2

.  

 

Figure 21.Intraparticle diffusion model of nickel 40 °C 

 

 

Figure 22.Intraparticle diffusion model of nickel adsorption at 50 °C 
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When the temperature was increased further there are more distinct steps as shown in 

Figure 22. Unlike the previous systems after the fast external mass transfer, the 

slower intraparticle diffusion step is followed by a significant amount of intraparticle 

diffusion as it reaches equilibrium. This means there is both macroporous and 

microporous diffusion and is likely due to the expansion of the pores of the 

adsorbent as the temperature increases resulting in more diffusion.  

 

Figure 23.Intraparticle diffusion model of nickel adsorption at 60 °C 
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temperature increases chemisorption onto the surface is preferred to diffusion into 

the adsorbent pores.  

Table 8.Constants determined using the intraparticle diffusion model 

Temperature/ ᵒC kid/ mg g
-1

 min
-1/2

 c/ mg g
-1

 R
2
 

30 1.33 7.86 0.94 

40 1.69 8.38 0.74 

50 1.21 8.14 0.54 

60 -0.25 18.33 0.06 

 

4.7.2 Adsorption kinetics of single system zinc at various temperatures  

A kinetic analysis was carried to study how zinc adsorption occurred as it 

approached equilibrium to determine the rate as well as determine the nature and 

mechanism of the adsorption.  

Table 9. Adsorption capacities (qt) of single system zinc at variable times at the 

temperatures of 30, 40, 50, and 60 °C (Co= 50 mgL
-1

, adsorbent dose= 0.75g) 

qt/mg g
-1

 

time/ min 

30 °C 40 °C 50 °C 60 °C 

 1 8.7 13.4 14.7 12.0 

2 9.4 14.7 10.0 11.3 

5 9.9 13.3 9.3 10.7 

10 16.8 16.6 11.3 7.3 

30 18.7 16.6 10.7 13.3 

120 17.9 16.6 7.7 7.4 

 

The adsorption of zinc at 30 °C increases until it reaches equilibrium. The system at 

40 °C has less adsorption but the systems reaches equilibrium faster as shown in 

Table 9. As temperature increases there is a decrease in equilibrium adsorption 

capacity as shown in Figure 24.  
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Figure 24. Equilibrium adsorption capacities, qmax, of zinc at 120 min as a function 

of temperature 

The decrease in adsorption with temperature is likely due to the increased kinetic 

energy of the metal ions at higher temperatures resulting in more desorption. There is 

more initial adsorption when the temperature is increased due to an increase in 

kinetic energy for the metal ions but there is also an increases the rate of desorption 

as time goes on. Higher temperatures may result in an expansion of the pores of the 

adsorbent which would result in more adsorption yet the dominate effect is the 

increased kinetic energy which leads to some desorption. 

The data was analysed using the linear form of the Lagergren pseudo first order 

model (equation 9) by plotting the graph of ln(qe-qt) against t as shown in Figure 25. 
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increased from 0.229 to 0.557 min
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Figure 25.Plot of linearlized pseudo first order model analysis for the adsorption of 

zinc at temperatures of the Ln(qe-qt) against time at 30, 40, 50 and 60 °C 

The data for the adsorption at 50 and 60 ᵒC could not be analysed using this method 

due to desorption that occurs in these systems the equilibrium adsorption capacity 

(qe) values is less than the preceding adsorption capacity (qt) values. The data was 

then analysed using the non-linear form of the Lagergren pseudo first order model 

and the solver function in Excel. This analysis also resulted in a poor fit so the results 

were not included. The poor fit of the data suggests that the model is unsuitable to 

analyse this system and that adsorption does not occur via physisorption.  
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data by plotting t/qt against time a4s shown in Figure 26. The correlation coefficient 
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Figure 26. Plot of time divided by the adsorption capacity t/qt for the linear form of 

the Lagergren pseudo second order analysis single system adsorption of zinc onto 

coir pith against time at a) 30 ᵒ, b) 40 ᵒC, c) 50 ᵒC, d) 60 ᵒC 

Table 10. Kinetic constants of single system zinc adsorption determined by the 

Lagergren pseudo second order analysis 

Temperature/ᵒC hexp/mgg
-1

min
-1

 qe (exp)/mgg
-1

 qe (pred)/mgg
-1

  k2/ mg
-1 

g min
-1

 R
2
 

30 14.08 17.95 18.52 0.034 0.99 

40 55.56 16.63 16.94 0.145 0.99 

50 90.90 7.73 7.35 -0.05 0.99 

60 -13.88 7.41 7.407 -0.049 0.99 

 

The best method to analyse the adsorption data would be to use the linear form of the 

Lagergrem Pseudo second order model. As shown in Figure 27 where the regression 
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Figure 27. Plot of the adsorption capacity qt for the single system adsorption of zinc 

onto coir pith against time at a) 30 ᵒ, b) 40 ᵒC, c) 50 ᵒC, d) 60 ᵒC for zinc with an 

initial concentration of 50 mg L
-1

 

The kinetic data of zinc adsorption at various temperatures was then analysed using 

the intra particle diffusion model. 

 

Figure 28.Intraparticle diffusion model of zinc adsorption at 30 °C 
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The data for the adsorption of nickel at 30 °C was shown in Figure 28 where 

adsorption capacity at a given time, qt (mg g
-1

) was plot against the square root of 

time, t
1/2

 (min
1/2

). The plot was multi-linear with two distinct lines intersecting with 

the line not intersecting the origin. From this we can deduce the adsorption process is 

influenced by two or more steps. Majority of the adsorption occurs via intraparticle 

diffusion as this system has boundary layer thickness of 4.22 mg g
-1

. After 

intraparticle diffusion step there is very little adsorption, likely due to saturation of 

the adsorbent suggesting only macroporous diffusion occurs.  The gradient of the 

first line is the rate parameter of the intraparticle diffusion which is 3.364 mg g
-1

 

min
-1/2

. 

 

Figure 29.Intraparticle diffusion model of zinc adsorption at 40 °C 
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Figure 30.Intraparticle diffusion model of zinc adsorption at 50 °C 

In the system at 50 °C and 60 °C as shown in Figure 30 and Figure 31 there is no 

observable intraparticle diffusion due to primarily desorption taking place after the 

initial external mass transfer step. The regression lines have a poor fit which means 

this system likely does not undergo any intraparticle diffusion. Constants determined 

using the intra particle diffusion modelare shown in Table 11. 

 

Figure 31.Intraparticle diffusion model of zinc adsorption at 60 °C 
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2
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4.7.3 Kinetic analysis of the binary system at various temperatures  

The total adsorption is the summation of the nickel and zinc adsorption and the 

overall effect of being in a binary system. A kinetic analysis was carried to study 

how the binary adsorption occurred as it approached equilibrium to determine the 

rate as well as determine the nature and mechanism of the adsorption. 

The adsorption at 30 °C had a slow rate but was primarily adsorption until it reached 

equilibrium. When the temperature was increased the initial adsorption was greater 

but desorption occurred as the system reached equilibrium as shown in Table 12.  

Table 12. Binary adsorption capacities qt of variable times at the temperatures of 30, 

40, 50, and 60 °C 

qt/mgg
-1

 

 

time/min 

30 °C 40 °C 50 °C 60 °C 

Ni Zn Total Ni Zn Total Ni Zn Total Ni Zn Total 

1 7.9 6.6 14.5 4.0 4.0 8.0 9.4 10.0 19.4 11.1 11.0 22.1 

2 5.3 6.0 11.3 6.0 6.0 12.0 8.0 8.7 16.6 9.3 10.0 19.3 

5 6.0 5.3 11.3 4.7 4.7 9.4 8.0 7.3 15.3 9.3 9.3 18.6 

10 6.6 5.3 12.0 5.3 5.3 10.6 10.8 10.1 20.9 8.6 9.3 17.9 

30 6.0 4.6 10.6 6.7 8.0 14.7 8.7 8.0 16.7 10.0 10.5 20.6 

120 6.7 7.3 14.0 7.3 4.0 11.3 6.0 4.0 10.0 6.0 2.7 8.7 

 

Overall the rate and amount of initial adsorption due to external mass transfer 

increased with temperature but the equilibrium adsorption decreased as shown in 

Figure 32. This was possibly due to the increase in temperature increasing the rate as 

well as causing the pores in the adsorbent to increase but also weakening the 

attraction between the metal ion and the adsorbent due to increase in the kinetic 

energy. It is likely that the binary adsorption is exothermic.    

 

Figure 32. Equilibrium adsorption capacities of the total binary system and their 

nickel and zinc components at each temperature 
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The data was first analysed using the linear Legergren pseudo first order model as 

shown in Figure 33. The data for the binary adsorption at 30 °C fit the model poorly 

and likely had little to no physisorption occurring. The system at 40 °C showed a 

better fit but that was likely due to only three data points being usable as due to 

desorption occurring as the system reached equilibrium several of the preceding qt 

values could not be analysed using this model. The data for the adsorption could not 

be analysed for systems at 50 and 60 °C as all the qt values were larger than the qe 

values. 

 

Figure 33. Plot of the linear Lagergren Pseudo first order model analysis of the 

adsorption data for the binary adsorption of nickel and zinc at 30, 40, 50 and 60 °C 

The data was then analysed using the linear form of the Lagergren Pseudo second 

order model which is used to model for chemisorptions where the metal ion forms a 

chemical bond with the functional groups on the adsorbent surface. The models fit 

well for the adsorption at all the temperatures as shown in Figure 34 where the 

correlation coefficients were all close to 1.  

The calculated values of the equilibrium adsorption capacity matched closely with 

the experimental values as shown in Table 13. The rate constant decreases when the 

temperature was increased from 30 °C, the negative value of the k2 values for the 

systems at higher temperatures is due to the desorption that occurs at it reaches 

equilibrium.  
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Table 13.Kinetic constants of binary adsorption determined by the Lagergren pseudo 

second order analysis 

Temperature

/ᵒC 

hexp/  

mg g
-1 

min
-1

 

qe (exp)/ 

mg g
-1

 

qe(pred)/ 

mg g
-1

 

k2/ 

 mg
-1 

g min
-1

 

R
2
 

30 5.88 14.00 14.08 0.03 0.99 

40 83.33 11.34 11.49 -0.14 0.99 

50 52.63 9.99 9.90 -0.03 0.99 

60 -142.85 8.67 8.55 -0.02 0.98 

 

 

 

Figure 34.Plot of the linear Lagergren Pseudo second order model analysis of the 

adsorption data for the binary adsorption of nickel and zinc at a) 30°C, b) 40°C, c) 

50°C and d) 60 °C 

Using the values calculated using the Lagergren pseudo second order model 

regression lines were plot against the experimental data as shown in Figure 35. As 

the lines have a reasonable fit and shapes consistent with the data points it can be 

deduced that adsorption occurs by chemisorptions. 
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Figure 35.Adsorption capacity against time for the adsorption in the binary system at 

a)30°C, b)40°C, c)50 °C and d)60 °C with an initial concentration of 50 mg L
-1

 with 

a nickel to zinc ratio of 1:1 

The binary adsorption data was analysed using the Intraparticle diffusion model as 

shown in Figure 36 for the binary adsorption at 30, 40, 50 and 60 °C. The binary 

adsorption system at 30 °C show little to no intraparticle diffusion with the 

regression line fitting the data poorly. The system at 40 °C shows some intraparticle 

diffusion, likely due to the expansion of pores of the adsorbent due at the increased 

temperature promoting intraparticle diffusion. However as the system reaches 

equilibrium there is desorption, possibly reversing the intraparticle diffusion. At 50 

and 60 °C there is no intraparticle diffusion, instead desorption occurring after the 

initial external mass transfer step.  
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Figure 36.Intraparticle diffusion model of binary adsorption at a)30 °C, b)40 °C, 

c)50 °C, d)60°C 

 

As the data fits the intraparticle diffusion model poorly it can be deduced that little to 

no intraparticle diffusion occurs. This would seem consistent with the mechanism 

deduced from the isotherm analysis which suggests in the binary system metal ions 

adsorb onto the adsorbent surface as a monolayer and there is no adsorption after the 

monolayer forms.  

4.7.4 Analysis of the nickel and zinc components of the binary adsorption 

To study how the nickel and zinc components of the binary system behave the 

equilibrium adsorption capacity was plot against the temperature for the nickel and 

zinc components as shown in Figure 37. 
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Figure 37.Equilibrium adsorption capacity against temperature of the nickel and zinc 

components of the binary adsorption 

The equilibrium adsorption capacity was highest at 30 °C and decreased at higher 

temperatures. The adsorption of nickel does not change drastically, increasing 

slightly at 40 °C and decreasing slightly as the temperature increased further. Zinc 

adsorption however decreased greatly as temperature increased. At 30 °C there was 

more zinc adsorption than nickel adsorption but as temperature increased there was 

more nickel adsorption than zinc adsorption. It is likely that the presence of other 

metal ions decrease adsorption, this effect is exacerbated when the temperature 

increases and effects zinc adsorption more than it affects nickel adsorption.  

This antagonism suggests nickel and zinc share the same adsorption sites and the 

bond formed between nickel and the adsorbent is stronger than that formed between 

zinc and the adsorbent. The individual components of the binary system were 

analysed using the Lagergren pseudo second order model and the intra-diffusion 

model. The Lagergren pseudo first order model was not used as the model fit poorly 

for both the binary and the single system data.  
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Figure 38. Plot of the linear Lagergren Pseudo second order model analysis of the 

adsorption data for the nickel component of the binary adsorption at a) 30, b) 40, c) 

50, and d) 60 °C 

Figure 38 and 39 shows the Lagergren pseudo second order analysis of the nickel 

and zinc components of the binary adsorption at various temperatures respectively. 

The linear form of the model was used and showed to have a good fit and a high 

correlation coefficient for all the data. The parameters of rate 𝑘2and equilibrium 

adsorption capacity, 𝑞𝑒  calculated using these plots are shown in Table 14.  
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Figure 39. Plot of the linear Lagergren Pseudo second order model analysis of the 

adsorption data for the zinc component of the binary adsorption at a) 30, b) 40, c) 50, 

and d) 60 °C 

Table 14. Analysis of the nickel and zinc components of the binary adsorption by 

Lagergren Pseudo second order model at 30, 40, 50, and 60 °C 

 Temperature/ᵒC qe (exp)/mg g
-1

 qe(pred)/mg g
-1

 k2/ mg
-1 

g min
-1

 R
2
 

Nickel 

30 6.67 6.70 0.186 0.99 

40 7.34 7.46 0.058 0.99 

50 5.99 5.95. -0.057 0.99 

60 6.00 5.95 -0.516 0.99 

Zinc 

30 7.33 7.41 0.031 0.98 

40 4.00 4.00 -0.076 0.98 

50 3.99 3.93 -0.056 0.99 

60 2.67 2.61 -0.06 0.97 

 

When the data for the nickel and zinc components of the binary adsorption system 

was analysed using the intraparticle diffusion model it was shown to have poor fit 

and relatively low correlation coefficient. For both the nickel and zinc components 

the rate of diffusion, kidincreases when the temperature increases to 40 °C and 

decreases when the temperature is increased further. Overall the boundary layer 

thickness, C, increases as the temperature increases. This all shows there is little to 
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no intraparticle diffusion in this adsorption system, even less when the temperature 

increases and more diffusion occurs.     

4.7.5 Comparing the adsorption of single system nickel and single system zinc 

with the binary system at various temperature 

During adsorption there are several steps and mechanism which occur that effect the 

extent of adsorption taking place as the system reaches equilibrium. The nickel 

adsorption, zinc adsorption and the binary adsorption all differ from each other but 

are similar as they share similar mechanisms of adsorption. The concentration of the 

solution, the mass of the adsorbent, the temperature of the solution and the contact 

time effect the external mass transfer, the intraparticle diffusion and the adsorption-

desorption equilibrium.   

The differences in the size and charge density of the nickel and zinc ions result in 

there being more zinc adsorption than nickel adsorption under similar conditions. 

Nickel is smaller and more highly charged therefore would prefer the more polar 

environment of the water as opposed to the adsorbent surface. In the binary system, 

in addition to afore mentioned conditions the interactions between the nickel and 

zinc metal ions affect the adsorption as well.  

In Figure 40 equilibrium adsorption of the nickel, zinc and the binary system at 

different temperatures is shown. At 30 °C the equilibrium adsorption of the binary 

system is approximately equal to the average of the nickel and zinc values of 

equilibrium adsorption capacity. This suggests at 30 °C the presence of other metal 

ions does not greatly impact the amount of adsorption. However that from this graph 

the type and strength of the bonds formed during adsorption cannot be evaluated 

only the amount of adsorption occurring.  

For the nickel and zinc single systems when the temperature increased, the 

equilibrium adsorption capacity increased slightly until 50 °C and then decreased 

when the temperature was increased further to 60 °C. Yet for the binary system at the 

adsorption decreases when the temperature increases suggesting that as the 

temperature increases the strength of the bonding is much weaker and desorption 
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occurs more easily. It is only likely that the presence of competitive species promote 

desorption more at higher temperatures as the total binary adsorption is much less 

than the average of the nickel and zinc systems.    

 

Figure 40.Equilibrium adsorption capacity against temperature of the adsorption of 

nickel, zinc and the binary system with an initial concentration of 50 mg L
-1

 

In the single system, the adsorption of zinc at the lower temperatures is much higher 

than nickel at lower temperatures while in the binary system they have roughly equal 

adsorption at 30 ᵒC as shown in Figure 37 and Figure 40. Similar to the single system 

the adsorption of zinc decreases with temperature in the binary system as well as 

shown in Figure 37. The adsorption of nickel increases with temperature in the single 

system but decreases in the binary system, the adsorption of nickel is preferred to the 

adsorption of zinc at higher temperatures.  

This was further illustrated in Figure 41 where qe (mg g
-1

) is the equilibrium 

adsorption capacity of the metal ion component in the binary system and qm (mg g
-1

) 

is the equilibrium adsorption capacity of the metal ion in the single system. If there is 

no interaction between the metal ions the ratio should be 0.5. If adsorption is 

promoted by the presence of the other ion the ratio should be more than 0.5 and if the 

adsorption is hindered by the presence of the other ion the ratio should be less than 

0.5. 
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Figure 41.  Equilibrium adsorption capacity ratios qe/qm against temperature for the 

nickel and zinc components of the binary system 

According to Figure 41 in the presence of zinc ions the adsorption of nickel ions are 

promoted at lower temperatures while the presence of nickel reduce zinc adsorption 

at lower temperatures. At 60 ᵒC the presence of other metal ions reduce the 

adsorption of both nickel and zinc. From this we can deduce that nickel and zinc are 

competitive in the binary environment. 

4.8 Thermodynamic analysis of single system nickel, single system zinc and the 

binary system  

The results were analysed using the Eyring equation (equation 16) where lnK was 

plot against 1/T to deduce the enthalpy, ΔH (kJ mol
-1

), and entropy, ΔS (kJmol
-1

K
-1

), 

of a given system as shown in Figure 42. Gibbs free energy at each temperature for 

each system was calculated using the equilibrium constant kd (Lg
-1

). The Gibbs free 

energy, ΔG (kJmol
-1

), is the thermodynamic potential of the process.  

The more negative or less positive the Gibbs free energy is the more favoured the 

reaction is. The calculated parameters were summarised in Table 15. 
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Figure 42. Arrhenius plot of the adsorption of nickel, zinc and the binary system 

For adsorption in the zinc single system and the binary system the Gibbs free energy 

(ΔG) value becomes more positive as the temperature increases which means the 

adsorption is less favoured at higher temperatures. In the nickel single system ΔG 

value decreases as temperature increases until 60°C where it increases again which 

suggests the adsorption is promoted by higher temperatures but when the 

temperature is too high the adsorption becomes less favourable. The decrease in ΔG 

with temperature suggests that at the equilibrium desorption is favoured over 

adsorption at higher temperatures (Pandy et al. 2010). This is possibly due to the 

increase in solubility of the metal ions and the weakening of the metal ion-adsorbent 

bond as temperature increases. 

The enthalpy (ΔH) and the entropy (ΔS) of the adsorption of nickel single system 

adsorption are both positive which mean the reaction is endothermic and there is an 

increase in entropy when the nickel ion binds to the adsorbent surface. The positive 

ΔS suggest the increase in entropy when the water around the metal ion and the 

adsorption site is displaced is more than the decrease in entropy when the metal ion 

binds to the adsorbent surface as shown in equation 25. Higher temperatures favour 

reactions with positive entropy which have dissociative mechanism. This was similar 

to results found by Ratan S. et al (2016) who found nickel adsorption to be 
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endothermic and entropically positive with adsorption increasing when the 

temperature was increased from 20°C to 50 °C. The ΔH and the ΔS of the adsorption 

of single system zinc is negative, which means the adsorption is exothermic and 

there is a decrease in entropy as the metal ions are less mobile than in solution when 

they are bound to the adsorbent. Nickel has a smaller charge density and ionic radius 

than zinc therefore more strongly binds to the water molecules when in solution so 

the decrease in the overall entropy when it is bound to the adsorbent surface is less 

than for zinc.  

 

 𝑴𝟐+. (𝑯𝟐𝑶)𝒙 + 𝑹𝑶𝑯. (𝑯𝟐𝑶)𝒚 ⇋ 𝑹𝑶𝑴+ + 𝑯𝟑𝑶
+ + (𝒙 + 𝒚 − 𝟏)𝑯𝟐𝑶   Eq. 25 

 

The ΔH and ΔS of the adsorption in the binary system is very similar to the average 

of the ΔH and ΔS values of the nickel and zinc single systems being ΔH=-18.13 kJ 

mol
-1

 and ΔS= -0.06 kJmol
-1

K
-1

. The adsorption of the binary system is exothermic 

and has negative entropy which means it favours lower temperatures. 

Table 15. Thermodynamic parameters for the adsorption of nickel and zinc in the 

single system and binary system, Co= 50 mg L
-1

, adsorbent dose= 0.75 g 

Parameters Nickel 

(single system) 

Zinc 

(single system) 

Binary system 

ΔG/kJmol
-1

 

30 °C 2.81 0.63 1.83 

40 °C 2.32 1.06 2.79 

50 °C 1.96 4.31 3.36 

60 °C 2.24 4.59 4.22 

ΔH/ kJ mol
-1

 9.29 -45.55 -21.62 

ΔS/ kJmol
-1

K
-1

 0.02 -0.15 -0.07 

 

If ΔG is changes from negative to positive as the temperature increases as is the case 

for zinc, it means that adsorption is less favoured at higher temperatures. If the ΔG 

value is positive at all temperatures, as is the case for nickel single system and binary 

adsorption, it suggests that the adsorption requires some energy from an external 

source to occur (Saha et al. 2011). 
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4.9 Surface Analysis of Coir pith by Fourier Transform Infrared spectra – 

(FTIR) 

The coir pith adsorbent was analysed using Fourier transform infrared spectra (FTIR) 

to deduce the functional groups on its surface. The FTIR measures the amount of 

infrared light absorbance (transmittance) by the surface. The more transmittance % 

deviates from 100 (which shows no absorbance) and the closer it is to 0% (total 

absorbance) the stronger the absorbance. Each functional group vibrates with a 

unique energy and will show absorbance in the corresponding wavenumber in the 

spectrum. The wider the peak the more unique vibrational modes the functional 

group has, for example the O-H bond has many vibrational modes and thus has a 

very wide peak. Coir pith was scanned in the wavelength range of 4000-800 cm
-1

 as 

shown in Figure 43. The FTIR analysis shows the presence of surface functional 

groups at their corresponding wavelengths; -OH (3000-3500 cm
-1

), C-H (2900 cm
-1

), 

C=O (1600 cm
-1

), and C-O (1200-100 cm
-1

). These peaks correspond to the polar 

groups of the lignin and cellulose of which coir pith is made of.  

Figure 43. FTIR spectrum of coir pith (red), coir pith after being soaked in a 50 mgL
-

1
 solution of zinc nitrate for 1 hour (purple), coir pith after being soaked in a 50 mgL

-

1
 solution of nickel nitrate for 1 hour (green), coir pith after being soaked in a 50 

mgL
-1

 solution of nickel nitrate and zinc nitrate for 1 hour (blue) 
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If the height of the functional group peak decreases after adsorption takes place this 

means there are less of this type of bond, possibly the metal ion has replaced a part 

of the functional group. If there was a shift in the peak after adsorption means that 

when the metal ion binds to the functional group, and electrons are diverted from the 

functional group to the metal ion, which would reduce the strength of bond and 

therefore the absorbance.  

This was evident when comparing the spectra of the coir pith before and after 

adsorption, and easily observable so when comparing the –OH peak (3000-3500 cm
-

1
). The transmittance of the –OH group in the spectra of coir pith after zinc 

adsorption was much larger (smaller peak) when compared the spectra of coir pith 

before adsorption. This shows that there is a smaller concentration –OH bonds.  

It is likely then when the metal ion forms a bond with the functional group; it 

replaces a hydrogen ion and forms a complex as shown in Figure 44. Similar change 

in this peak was observed in the spectra of coir pith after nickel adsorption and the 

spectra of coir pith after binary adsorption; however it was to a lesser extent. There 

was also a shift in the peak position to a lower wavenumber suggesting the energy of 

the bond and therefore the strength of the bonds were weaker.  

In the spectra of coir pith after zinc adsorption the C-O and C=O peaks are smaller 

than in the spectra of coir pith before adsorption. The spectra of the binary system 

show similar changes at the C-O and C=O peaks but the spectra after nickel 

adsorption does not. This suggests the zinc interacts with the C-O bonds but nickel 

does not. This may also contribute to there being more zinc adsorption than nickel 

adsorption as zinc ions adsorb onto more sites than nickel ions.       

 

Figure 44. Mechanism of complexation of metal ions chemisorbing to the functional 

groups on the coir pith surface 
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CHAPTER 5: CONCLUSIONS 

5.1 Conclusions 

The conclusions of this study are as follows. 

1. The reviewed literature provided an understanding of the adsorption process and 

the adsorbent to be used to remove heavy metals, as well as the need for this study. 

2. The data from both the single systems were fit into the Langmuir, and Freundlich 

isotherm models. Nickel and zinc single systems fit both models 

satisfactorily.Howeverthe fit to the Freundlich model was better, highlighting that 

adsorption surface is heterogeneous.  

3. The isotherm data from the binary system was fit to the Langmuir, Freundlich and 

extended Langmuir models.It fit only the Langmuir model satisfactorily 

highlighting a homogenous adsorption surface. 

4. Results from the intraparticle diffusion analysis confirms the results of the 

Isotherm models as it shows at 30C that there is intraparticle diffusion in the zinc 

and nickel single systems while there is no intraparticle diffusion in the binary 

system. 

5. Most adsorption occurs at a higher pH value. To decrease costs and possibility of 

metal hydroxide precipitation the adsorption should be carried out at a neutral pH. 

6. The kinetic data for single and binary system adsorption fit Lagergren pseudo 

second order model best, highlighting that the adsorption is mostly chemisorption.   

7. Single system zinc adsorption and binary system adsorption decreased as the 

temperature increased. 

8. In the single system, the adsorption of zinc at the lower temperatures is much 

higher than nickel at lower temperatures while in the binary system they have 

similar adsorption close to room temperature. Similar to the single system the 

adsorption of zinc decreases with temperature in the binary system as well. 
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9. The adsorption of nickel increases with temperature in the single system but 

decreases in the binary system.The adsorption of nickel is preferred to the 

adsorption of zinc at higher temperatures in the binary system. 

10. The binary system adsorption capacity was less than the average of the single 

systems under similar conditions. Whereas percentage of nickel adsorption is more 

in the binary systems compared to percentage of nickel in the average of the single 

systems. This highlights the competitive nature of the binary system.  

5.2 Future Recommendations  

1. Test adsorption using continuous flow fixed-bed column as shown in Figure 45. 

2. Test other parameters ex: low temperatures ( 5ᵒC< T< ᵒC), effect of particle size 

3. Study the effect of different ratios of nickel and zinc in solution 

4. Introduce more metal ions and study the effects 

5. Study the effect of introducing other counter ions or salts 

6. Try different pre-treatments to the coir pith to increase adsorption or add more 

functional groups ex: carboxylic or sulfonic acid groups 

7. Test ways to regenerate used adsorbent (remove adsorbed compounds) 
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Appendix 

Determination of particle density, bulk density and porosity 

 

W1 - weight of specific gravity bottle 

W2 - weight of specific gravity bottle+ coir pith weight 

W3 - weight of specific gravity bottle+ coir pith weight+ weight of oil 

W4- weight of specific gravity bottle+ weight of oil 

W5- weight of specific gravity bottle+ water 

 

Density=mass/volume 

Mass of coir pith= (W2-W1) 

Volume of coir pith= volume of bottle- volume of oil 

Volume of bottle= (W5-W1) as density of water= 1 g/cm
3 

Volume of oil in W3= Mass of oil/ density of oil= (W3-W2)/density of oil 

Density of oil= (
𝑊4−𝑊1

𝑊5−𝑊1
) 

Volume of oil in W3= 
 𝑊3−𝑊2 (𝑊5−𝑊1)

(𝑊4−𝑊1)
 

Volume of coir pith= (W5-W1)-
 𝑊3−𝑊2 (𝑊5−𝑊1)

(𝑊4−𝑊1)
= 

 𝑊5−𝑊1  𝑊4−𝑊1 − 𝑊3−𝑊2 (𝑊5−𝑊1)

(𝑊4−𝑊1)
 

Density of coir pith= 
 𝑊2−𝑊1 (𝑊4−𝑊1)

 𝑊5−𝑊1 (𝑊4−𝑊1)− 𝑊3−𝑊2 (𝑊5−𝑊1)
= 

 𝑊2−𝑊1 (𝑊4−𝑊1)

 𝑊5−𝑊1 ((𝑊4−𝑊1)− 𝑊3−𝑊2 )
 

 

 1 2 3 

W1 19.0229 19.0211 19.0365 

W2 21.1809 20.5177 20.3763 

W3 62.9540 63.3598 63.3569 

W4 64.6401 64.6056 64.5735 

W5 68.7292 68.6885 68.6851 

Coir pith density /g 

cm
-3

 

0.5104 0.49999 0.48069 

 

Average= 0.497 g cm
-3 

 

Bulk density  

 1 2 3 

Mass of cylinder/ g 44.3158 44.3142 44.3057 

Mass of cylinder + coir pith 

/g 

45.2639 45.5892 45.1704 

Volume of coir pith /cm
3 

9 9 9 

Bulk density / g cm
3 

0.1053 0.1416 0.0961 

 

Average= 0.1143 g cm
-3 

 

Porosity =1-(bulk density/particle density) = 1-(0.1143/0.497)= 0.77  

 



77 
 

Calculation for the preparation of the nickel and zinc stock solutions of 

concentration 1 g/L 

 

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O) 

Molar mass – 235.474 g/mol 

Atomic mass of zinc- 65.38 g/mol 

Mass of zinc nitrate hexahydrate which contains 1 g of zinc-235.474/65.38= 3.60 

g 

 

Nickel nitrate hexahydrate (Ni(NO3)2.6H2O) 

Molar mass – 290.791 g/mol 

Atomic mass of nickel- 58.693 g/mol 

Mass of zinc nitrate hexahydrate which contains 1 g of nickel- 290.791/58.693= 

4.95 g 

 

Table of dilutions for solutions of different concentrations of adsorption isotherm 

study  

Single system nickel/zinc concentration  

 Stock solution/ 

cm
3 

 

Distilled water/ 

cm
3 

 

Concentration/ mg L
-1

 

1 5 495 10 

2 10 490 20 

3 25 475 50 

4 50 450 100 

5 100 500 200 

 

Binary system nickel and zinc 

 Stock solution of 

nickel/ cm
3
 

Stock solution of 

zinc/ cm
3
 

Distilled 

water/ 

cm
3 

 

Concentration/ mg 

L
-1

 

1 2.5 2.5 495 10 

2 5 5 490 20 

3 12.5 12.5 475 50 

4 25 25 450 100 

5 50 50 500 200 

 

 

Particle size distribution calculation 

Fraction Coir pith mass/g % of total mass 
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1 mm - 710 µm 13.3384 47% 

710 µm - 500 µm 9.5462 34% 

500 µm - 335 µm 5.4498 19% 

Total  28.3344  

 

Maximum adsorption capacity calculated using equation 4.1 and values derived from 

the Freundlich constants  

 

Initial 

Concentration 

(Co)/ mg L
-1

 

qmax 

Nickel  Zinc Binary  

2.5 5.398749 5.151901 7.829193 

5 6.786299 7.43898 8.567437 

10 8.530469 10.74136 9.375292 

20 10.72291 15.50976 10.25932 

50 14.50885 25.20655 11.55715 

100 18.23782 36.39647 12.64692 

200 22.92518 52.55393 13.83945 

 

Analysis of zinc adsorption by Lagergren Pseudo first order model at 30, 40, 50, and 

60 °C 

Temp/°C Graphical method Data fitting Experimental 

qe  qe K1 R
2 

qe K1 R
2 

30  14.67 0.23 0.863 17.55 0.314 0.75 17.94 

40 9.57 0.56 0.79 15.69 1.84 0.38 16.5 

50  - - - 10.62 19.18 0 7.73 

60 - - - 10.34 19.13 0 7.40 

 

Analysis of zinc adsorption by Lagergren Pseudo second order model at 30, 40, 50, 

and 60 °C 

Temp/ °C Graphical method Data fitting method Experimental 

qe qe  k2 R
2
 qe  k2 R

2
 

30 18.52 0.034 0.99 18.57 0.028 0.99 17.95 

40 16.94 0.145 0.99 16.26 0.25 0.57 16.63 

50 7.35 -0.05 0.99 9.157 -0.302 0.68 7.73 

60 7.407 -0.049 0.99 9.602 -0.493 0.16 7.41 
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Analysis of binary adsorption by Lagergren Pseudo first order model at 30, 40, 50, 

and 60 °C 

 

Analysis of binary adsorption by Lagergren Pseudo second order model at 30, 40, 

50, and 60 °C 

 

Temp/ 

°C 

Graphical method Data fitting method Experimental 

qe qe  k2 R
2
 qe  k2 R

2
 

30 14.084 0.031 0.99 11.622 -0.528 0.29 14 

40 11.494 -0.138 0.99 12.24 0.191 0.38 11.34 

50 9.9 -0.027 0.99 15.3 -0.307 0.174 9.99 

60 6.578 -0.026 0.99 15.58 -0.204 0.246 6.67 

Temp/ °C Graphical method Data fitting method Experimental 

qe qe  k2 R
2
 qe  k2 R

2
 

30 18.52 0.034 0.99 18.57 0.028 0.99 17.95 

40 16.94 0.145 0.99 16.26 0.25 0.57 16.63 

50 7.35 -0.05 0.99 9.157 -0.302 0.68 7.73 

60 7.407 -0.049 0.99 9.602 -0.493 0.16 7.41 


