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ABSTRACT 

In the present era of water resources scarcity, efficient treatment of wastewater is a major 

prerequisite especially for growing economy. Numerous approaches have been studied for the 

development of cheaper and more effective adsorbents for removal of both organic and 

inorganic pollutants from wastewater. The present study seeks to harness the potential of 

biosorption and nanotechnology by producing more efficient, selective, mechanically stable 

and effective adsorbents for removal of organic and inorganic pollutants. The biosorbent-

magnetic nanomaterial was synthesized by coating magnetite nanoparticles with sodium 

hydroxide treated pine cone by co-precipitation method. Magnetite coated pine bio-composite 

was then modified by cross-linking with hexamethylene diisocyanate and epichlorohydrin to 

the molecular recognition compound “cyclodextrin”. These novel biosorbent-magnetic 

nanoparticle materials were explored in overcoming the drawbacks of the biosorbent alone and 

selectively remove inorganic and organic pollutants from complex matrices. 

The synthesized materials were characterized by several analytical techniques including, 

Fourier Transformed Infrared Spectroscopy (FTIR), Thermogravimetric analysis (TGA), X-

Ray Diffraction (XRD), Scanning Electron Microscopy-Energy Dispersive X-Ray (SEM–

EDX), Transmission Electron Microscopy (TEM), Brunauer, Emmett and Teller Isotherm 

(BET) surface area analysis, X-ray Photoelectron Spectroscopy (XPS), Vibrating Sample 

Magnetometer (VSM) and pH at point of zero charge (pHpzc). Sodium hydroxide treated pine 

cone and magnetite coated pine cone were applied for both chromium(VI) and arsenic(III) 

adsorption while the magnetite coated pine cone, magnetite coated pine cone crosslinked to 

cyclodextrin using both epichlorohydrin and hexamethylene diisocyanate were applied for 4-

nitrophenol removal from aqueous solution. Batch adsorption studies were performed to 

optimize operating parameters such as solution pH, adsorbent dose, contact time, temperature 

and initial concentration. Pseudo first, pseudo second, intraparticle diffusion, pore and film 

diffusion kinetic models were determined to investigate the mechanism of adsorption process. 

Coefficient of correlation, r2, and variable error, methods were also applied in the determination 

of the best fit of the kinetic method.  

 

Structural characterization of magnetite coated pine cone and the magnetite coated pine 

crosslinked to cyclodextrin using 1,6-hexamethylene diisocyanate and epichlorohydrin were 

confirmed by characterization techniques applied. The adsorption of Cr(VI), As(III) and 4-

nitrophenol was found to be dependent on the solution pH, adsorbent dose, initial 



vii 
 

concentration, temperature and ionic strength. Kinetic modelling revealed that the adsorption 

of Cr(VI), As(III) and 4-nitrophenol is controlled by pseudo second order kinetic model 

suggesting surface adsorption and intraparticle diffusion model. Intraparticle, pore and film 

diffusion models gave further insight into the controlling diffusion mechanism involved in the 

adsorption process for all pollutants investigated. Equilibrium studies indicated that the 

adsorption of all pollutants followed Langmuir isotherm indicating that adsorption sites are 

homogeneous in nature. The obtained thermodynamic parameters demonstrated that the 

adsorption of Cr(VI), As(III) and 4-nitrophenol were spontaneous, favourable and endothermic 

in nature. Anionic effect positively affected Cr(VI) and As(III) removal but had a negative 

effect on the 4-nitrophenol adsorption. Adsorption of 4-nitrophenol onto the nanocomposite 

adsorbents was attributed to multiple adsorbent-adsorbate interactions such as hydrogen 

bonding, hydrophobic attraction and guest host interaction. Magnetite coated pine better 

removed Cr(VI) and As(III) from aqueous solution than NaOH treated pine cone biomaterial 

while the magnetite coated pine crosslinked to cyclodextrin using 1,6-hexamethylene 

diisocyanate exhibited better adsorption performance for 4-nitrophenol removal than the 

nanocomposite crosslinked using epichlorohydrin and the magnetite coated pine cone.  
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CHAPTER 1 

 

1 INTRODUCTION 

1.1 BACKGROUND 

With the rapid development of industrialization and urbanization, a variety of inorganic and 

organic molecules are discharged into the environment, causing many serious environmental 

problems such as water pollution. Due to the toxic and carcinogenic properties of both 

inorganic and organic pollutants, it is necessary to treat the pollutant containing water before 

being released into the environment. Despite their presence at low concentration range, 

environmental pollutants possess serious threats to freshwater supply, living organisms, and 

public health (Brezonik and Arnold, 2012). Water researchers have estimated that by 2025, 

more than half of the world population will be facing water-based vulnerability or a water crisis 

(Kulshreshtha, 1998, Rijsberman, 2006). To combat this increasing burden on our aquatic 

environment, increasingly strict regulation on pollution discharge need to be implemented by 

various government bodies, with focus primarily on waste reduction. The treatment system 

used by industries is frequently regarded as a regulatory obligation, increasing capital and 

running costs and yielding negative economic returns (Chan et al., 2009). Pollutants are 

produced in large quantities especially in developed countries therefore, good reliable methods 

are necessary to treat effluents before discharge.  

 

Recently, numerous approaches have been studied for the development of cheaper and more 

effective technologies, both to decrease the amount of wastewater produced and to improve the 

quality of the treated effluent. Biological treatment, membrane process, advanced oxidation 

processes, chemical and electrochemical techniques and adsorption procedures are the most 

widely used for removing metals and organic compounds from industrial effluents (Crini, 

2005b, Yao et al., 2009). However, the application of some of these methods may be 

impractical due to economic constraints or may be insufficient to meet strict regulatory 

requirements. Most of these techniques suffer from drawbacks such as incomplete metal 

removal, requirements of expensive equipment and monitoring system, high reagent and 

energy requirements, generation of toxic sludge, other waste products that require disposal, 

membrane scaling, fouling and blocking (Demiral et al., 2008, Hu et al., 2003). Adsorption 
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process offer many advantages over other conventional methods due to its feasibility, low cost, 

efficiency and less time and energy consumption (Xu et al., 2015). 

Various materials have been explored as efficient and effective adsorbents for both heavy 

metals and organic pollutants from aqueous solutions. The use of non-conventional, low-cost 

biosorbents prepared from agricultural wastes is increasing because of its availability in large 

quantities, low cost and simplicity of design. However, their commercial application has been 

hindered by problems associated with physical characteristics such as separation of small 

particle size with low density, low porosity and internal surface, poor mechanical strength and 

rigidity (Volesky and Holan, 1995). Incorporating agricultural wastes with a suitable matrix 

such as magnetic nanoparticles may overcome the problems by offering ideal size, mechanical 

strength, rigidity, and porous characteristics to the biological material (Trujillo et al., 1995). 

Magnetic nanoparticles offer advantages such as high surface area, greater active sites, easy 

separation and ease of modification. However, because they are susceptible to air oxidation, 

they tend to agglomerate in large clusters.  

 

Among natural compounds applied in surface modification of Fe3O4, β-Cyclodextrin (β-CD) 

have attracted significant attention because of its exceptional structure and unique properties 

such as specific affinity, simple design, low cost, availability and the presence of various 

reactive groups on the backbone chain (Crini, 2005b). Cyclodextrin has the ability to form 

guest-host interaction with wide range of organics due to binding forces between itself and the 

guest molecules (Kumari and Parashara, 2018, Cifuentes et al., 2016). However, their 

application as adsorbents in wastewater treatment is limited by the fact that they are soluble in 

water, which can be overcome by grafting onto water-insoluble matrix or polymerize into 

cross-linked polymers by reacting with coupling agents. A step further in developing 

adsorbents with superior properties would be the inclusion of magnetic nanoparticles and 

agricultural waste into natural polymers, thus combining the advantages of all materials. 

1.2 PROBLEM STATEMENT 

There has been a rapid expansion in the chemical industry which leads to the discharge of toxic 

chemicals into the environment affecting plants, water and soil quality. Water generated by 

industrial sectors contains a complex and time-dependent mixture of organic and inorganic 

pollutants. Hence the water quality in South Africa is drastically deteriorating due to heavy 

metals and organic pollutant contamination. Treatment of industrial wastewater is a complex 
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problem due to the wide variety of compounds present in different concentrations. Heavy 

metals and aromatic organic compounds that contaminate water have been a critical problem 

mainly because they tend to persist and accumulate in the environment. The presence of dyes 

in water, even at very low concentrations, is highly visible and undesirable. Most of the used 

dyes are stable to photodegradation, bio-degradation and oxidizing agents. 

 

The wastewater treatment methods proposed and used by industrial sectors do not remove the 

spectrum of pollutant load. In practice, a combination of different processes is often used for 

pollutant removal to achieve the desired water quality in the most economical way. This is due 

to the fact that there is, as yet, no single water treatment process that simultaneously removes 

all pollutants from water to desirable levels. Another difficulty is the treatment of wastewater 

containing low concentrations of molecules and/or ions. Thus, there is a need to develop new 

treatment methods acceptable for industrial use which are effective for a wide range of 

pollutants from multicomponent mixtures, even at very low concentrations. 

 

There have been efforts by researchers to produce several efficient and cost-effective materials 

as adsorbents from local sources in South Africa and the world over to combat the issue of 

ever-increasing disposal of contaminated effluents into surface and ground water. These 

biomaterials often have their limitation which include, low surface area, low mechanical 

strength in packed column, low filtration rate and low adsorption capacity. The incorporation 

of nanotechnology into the field of biosorption may be applied in addressing the problems 

highlighted. The high surface to volume ratio of nanomaterials, the excellent mechanical 

strength, low internal diffusion resistance and the possibility of magnetic separation can be 

impacted by incorporating nanomaterials into biosorbents. The unique properties of 

cyclodextrins, such as chemical stability, high reactivity, hydrophobic cavity, hydrophilic 

interior, and excellent selectivity towards aromatic compounds and metals strengthen their 

application in water treatment. 

 

1.3 AIMS AND OBJECTIVES 

Aim: Synthesizing a magnetic nano-biosorbents by surface modification of Fe3O4 

nanoparticles (MNP) with pine cone powder (PCP) cross-linked to β-cyclodextrin using 

hexamethylene diisocyanate (HMDI) and epichlorohydrin (EPI) as cross-linking agents.  
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The research aim of the study was achieved through the following objectives: 

1. To prepare NaOH treated pine cone powder. 

2. To synthesize and optimize (Fe3O4) magnetite coated pine cone bio-composite by co-

precipitation method.  

3. To cross-link β-cyclodextrin onto magnetite coated pine cone nanocomposite using 

epichlorohydrin and 1,6-Hexamethylene diisocyanate. 

4. To apply response surface methodology in optimizing the working conditions of the cross-

linked magnetite coated pine cone-cyclodextrin nanocomposites. 

5. To characterize the synthesized Magnetite coated pine cone, magnetite coated pine cone 

crosslinked to beta-cyclodextrin using EPI and magnetite coated pine cone crosslinked to 

beta-cyclodextrin using HMDI using different analytical tools i.e. FTIR, TEM, TGA, SEM, 

XRD, XPS, VSM, BET surface area and pHpzc, 

6. To compare batch adsorption study of the adsorbent for heavy metals and organic pollutants 

removal from wastewater. 

7. To determine the kinetic, equilibrium and thermodynamic parameters for the biosorption 

process. 

8. To determine the mechanism of uptake and recovery of heavy metals and organic pollutants 

from solution. 

9. To study the effect of competing ions and anionic strength for the removal of both heavy 

metals and organic pollutants. 

 

1.4 OUTLINE OF THE RESEARCH 

The thesis consists of a total of 7 chapters, where chapter 1 and 2 discuss introduction and 

literature review, chapter 3 gives the detailed experimental procedure, chapter 4, 5 and 6 

present the preparation of nanocomposites, characterization and batch adsorption studies for 

heavy metals and organic pollutant removal. 

 

Chapter 1 

This chapter covers the introduction and problem statement. It gives an insight into the research 

project. The aim and objectives are also presented in this chapter. 
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Chapter 2 

This chapter covers literature review of biosorbents, magnetic nanoparticles, cyclodextrin 

polymers, their synthesis and application in waste water treatment. Adsorption process as an 

alternative method for removal of pollutant from aqueous solution and factors affecting 

pollutants removal is also discussed in the chapter. 

 

Chapter 3: 

The experimental procedure for the synthesis of the adsorbent materials, characterization and 

their application for heavy metals (As(III) and Cr(VI)) and organic pollutant (4-nitrophenol) 

adsorption. 

 

Chapter 4 

This chapter discusses the optimization of the synthesis procedure and characterization of the 

magnetite coated pine cone bio-composite. 

 

Chapter 5 

This chapter discusses the application of the NaOH treated pine cone and magnetite bio-

composite material for Cr(VI) and As(III) adsorption from aqueous solutions. Batch adsorption 

studies, kinetics, equilibrium isotherms and insight into the mechanism of Cr(VI) and As(III) 

adsorption using both NaOH treated pine cone and magnetite bio-composite material are also 

discussed. 

 

Chapter 6 

This chapter discusses the crosslinking of magnetite coated pine cone with beta cyclodextrin 

using epichlorohydrin and hexamethylene diisocyanate using response surface methodology 

(RSM). Characterization and application of the adsorbents for 4-nitrophenol (4-NP) adsorption 

from aqueous solution.  

 

Chapter 7 

This chapter gives a general conclusion of the research and recommendations for future work. 
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2 CHAPTER 2 

LITERATURE REVIEW 

Literature review on the existing adsorbents, agricultural waste materials, pine cone, magnetic 

nanoparticle, cyclodextrin, their synthesis and applications for both organic and inorganic 

pollutants from aqueous solution is presented in this chapter. 

 

2.1 ADSORBENTS 

An adsorbent is defined as a material that is porous in nature with a high surface area that can 

adsorb substances onto its surface by intermolecular forces. Adsorbents may be of mineral, 

organic or biological origin, zeolites, industrial by-products, agricultural wastes, biomass, and 

polymeric materials (Kurniawan and Babel, 2003). According to Bailey et al. (1999) an 

adsorbent can be considered low-cost if it requires little processing, is abundant in nature or is 

a by-product or waste material from another industry. In recent years, the search for low-cost 

adsorbents that have metal-binding capacities has intensified (Leung et al., 2000). The success 

of an adsorption process starts with the choice of the adsorbent. Technical applicability and 

cost-effectiveness are the key factors that play major roles in the selection of the most suitable 

adsorbent to treat effluent. Certain factors should also be considered when choosing a suitable 

adsorbent for adsorption processes which includes: high capacity and rate of adsorption, 

efficiency for removal of a wide variety of target pollutants, selectivity for different 

concentrations, granular nature with high surface area, high physical strength, kinetics, non-

toxic, regenerable, tolerance for a wide range of wastewater parameters, and low cost. 

 

2.2 TYPES OF ADSORBENTS 

Low cost adsorbents can be categorized as natural materials, industrial waste and agricultural 

waste materials. A number of materials have been extensively investigated as adsorbents in 

water pollution control including: silica gel (Cao et al., 2014), activated carbon (Li et al., 2014), 

zeolite (Jin et al., 2014, Kong et al., 2014, Yang et al., 2014), clay minerals (Mouzdahir et al., 

2010, Ugochukwu et al., 2014) etc. Activated carbon has certainly been the most popular and 

widely used adsorbent in wastewater treatment applications throughout the world (Jais et al., 

2016, Gawande and Kaware, 2016). 
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2.3 NATURAL MATERIALS 

A number of natural materials such as chitin, clays, zeolites and activated carbon have been 

extensively studied for different pollutants removal from aqueous solution and are described 

below. 

 

2.3.1 Activated carbon  

Activated carbon is a carbonaceous material with a high surface area and a very porous 

structure, a great adsorption capacity and an effective regeneration (Momčilović et al., 2011). 

It is the most widely used adsorbent because of its large capacity and a wide variety of 

adsorbates. Activated carbon manufacturing consists of a charring or carbonization step in 

which most of the non-carbon material is volatilized by pyrolysis (usually between 500 and 

750 °C). However, it remains an expensive material since the higher the quality the greater its 

cost. A complexing agent is required to improve its removal performance for inorganic matters. 

It also has poor mechanical rigidity and low selectivity when applied to real environmental 

pollution. Activated carbon becomes exhausted after several uses and needs to be separated 

from the aquatic system by filtration using traditional methods. However, the traditional 

method for separating the spent adsorbent has been found to be a tedious process resulting in 

the blockage in filters and loss of carbon in the sludge (Zhang et al., 2007). Therefore, this 

situation makes it no longer attractive to be widely applied in small-scale industries. 

 

2.3.2 Clays 

Three basic species of clay exist, namely: smectites (such as montmorillonite), kaolinite, and 

micas; out of which montmorillonite has the highest cation exchange capacity. The negative 

charge on the structure of clay minerals gives clay the capability to attract metal ions. Clays 

can be modified to enhance its efficiency for the removal of pollutants from water and 

wastewaters. Number of studies have been conducted using clays, mainly montmorillonite and 

bentonite to show their effectiveness for removing metal ions such as Zn2+, Pb2+, and Al3+ from 

aqueous solutions (Ozdes et al., 2011). Putra et al. (2009) investigated the removal of 

amoxicillin from aqueous solutions by adsorption on bentonite. 
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2.3.3 Zeolite 

Zeolites are a naturally occurring crystalline alumina silicates consisting of a framework of 

tetrahedral molecules, linked with each other by shared oxygen atoms. They are generally 

white, opaque and chalk like in appearance. They are internally inherently crystalline and 

exhibits micropores within the crystals that have uniform dimensions. Zeolites have high ion 

exchange capacity and size selective adsorption capacities, relatively high specific surface 

areas as well as thermal and mechanical stabilities (Wang et al., 2009). Bhatnagara and 

Sillanpää (2011) reported that there are 40 natural and over 100 synthetic zeolites which are 

also considered as selective adsorbents. Zeolites have been mostly attractive adsorbents in 

recent years because of its relatively cheap prices of about US$ 0.03–0.12/kg, depending on 

the quality of the mineral (Babel and Kurniawan, 2003). However, zeolites become unstable at 

high pH (Basu et al., 2006), hence solution pH need to be adjusted making this process 

expensive. Mthombeni et al. (2015) reported that natural zeolites are stable over wide 

environmental conditions, however, they have poor capacity for most contaminants. A number 

of researchers tested the surfactant modified zeolites and metal modified zeolites (Jiménez-

Cedillo et al., 2011, Swarnkar et al., 2012, Simsek et al., 2013) in order to overcome the natural 

limitation and enhance arsenic removal. 

 

2.3.4 Chitin and chitosan 

Chitin is a naturally occurring muco polysaccharide which is found in a wide range of natural 

sources such as crustaceans, molluscs, insects, fungi and annelids. Chitosan is produced by 

alkaline N-deacetylation of chitin, which is widely found in the exoskeleton of shellfish and 

crustaceans. Chitin and chitosan are abundant, renewable and biodegradable resources. Studies 

have been conducted on application of Chitin and chitosan as low cost biosorbents and it has 

been demonstrated that chitosan-based biosorbents are efficient materials and have an 

extremely high affinity for dyes (Crini, 2006). Chitosan recently received considerable interest 

for heavy metals removal due to its excellent metal-binding capacities and low cost as 

compared to activated carbon. However, these materials have been found to be soluble in acidic 

media and cannot be used as an insoluble sorbent under these conditions. Physical and chemical 

modification may be applied to overcome this problem. Dai et al. (2012) chemically modified 

chitosan with 2-hydroxyethyltrimethyl ammonium chloride and applied it for Cr(VI) reduction 

and removal from aqueous solution. 



11 
 

2.4 BIOLOGICAL ADSORBENTS 

A great interest has recently been directed to the biosorption of contaminants from solutions 

using different biomaterials as adsorbents. Biosorption is defined as the removal of pollutants 

by the passive binding to non-living biomass from an aqueous solution. From last few decades, 

biosorption process has emerged as a cost effective and efficient alternative for water and 

wastewater treatment utilizing naturally occurring and agricultural waste materials as 

biosorbents as these are cheaper, renewable and abundantly available. Biosorption has several 

advantages including low cost due to abundance of biomass, high selectivity, regenerable, 

required less sophisticated operation skill, limited sludge generation and generally have 

performance comparable to that of conventional techniques (Grassi et al., 2012, Park et al., 

2010, Wang et al., 2015). 

2.4.1 Industrial waste materials 

Industrial waste is regarded as the potential low-cost adsorbent for the removal of pollutants. 

These materials are generally generated as by-products, hence locally available in large 

quantities. Various types of industrial wastes such as fly ash, waste slurry, lignin, red mud, 

coffee husks, blast furnace sludge, tea factory waste, sugar beet pulp, waste pomace of olive 

oil factory waste have been explored for their technical feasibility to remove toxic heavy metals 

from contaminated water (Alaba et al., 2018, Singh et al., 2018, Ahmaruzzaman, 2008, 

Anastopoulos et al., 2017). 

2.4.1.1 Fly ash 

Fly ash is a waste material originating in great amount in combustion processes. It is a mineral 

residue resulting from the coal combustion in electricity generating plants.  Fly ash consists 

mainly of carbon, oxides of silica, alumina and iron. Raw fly ash has generally been reported 

to have low adsorption capacity which may be enhanced by physical or chemical treatment, 

thereby increasing the value for application. It is widely used in industries as a low-cost 

adsorbent, even though it contains heavy metals. Removal of dyes, phenols and heavy metals 

such as Cr(VI), Cr(III), Hg, Pb, Cd, Cu, As(III) and As(V) have been reported by different 

researchers (banerjee et al., 2004, Feng et al., 2004, Gupta and Suha, 2009). Sun et al. (2010) 

studied the adsorption of anionic dyes on fly ash and reported that an increase in the initial dye 

concentration enhanced the adsorption capacity but failed to increase the removal efficiency.  
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2.4.1.2 Red mud 

Red mud is a waste material formed during the production of alumina. It is mainly composed 

of fine particles of silica, iron, aluminum, calcium and hydroxides and titanium oxides, which 

are responsible for its high surface reactivity. It has been explored as an alternate adsorbent for 

different heavy metals. Altundogan et al. (2002) applied red mud for As removal. The authors 

reported that alkaline aqueous medium (pH 9.5) favored As(III) removal, whereas the acidic 

pH range (1.1–3.2) was effective for As(V) removal. 

 

2.4.1.3  Blast furnace slag 

Steel plants have been reported to produce a large volume of granular blast furnace slag as a 

byproduct, which causes serious disposal problem. This slag may be converted into an effective 

and economical adsorbent for the removal of some toxic heavy metals and organic pollutants 

from aqueous solution. The removal of various metals dyes have been studied using blast 

furnace slag in recent years (Zhao et al., 2016). 

 

2.4.2 Agricultural waste materials 

Natural materials and agricultural wastes have been recently explored as potential biosorbents 

by many researchers due to their cost effectiveness, local availability, and the added economic 

value associated with avoiding disposal routes such as landfill and incineration  (Crini, 2006, 

Babel and Kurniawan, 2003). Various agricultural waste materials have been examined for the 

removal of diverse type of pollutants from water. Agricultural wastes such as, sawdust (Gupta 

and Babu, 2009), coffee (Utomo and Hunter, 2010), yeast (Moyo et al., 2012), coffee resin 

(Mulani et al., 2013), tannin resin (Huang et al., 2013), palm branches (Shouman et al., 2013), 

tea waste (Lunge et al., 2014), pine cone (Ofomaja et al., 2015), straw (Salem and Yakoot, 

2016), coconut shell (Tang et al., 2017), avocado shell (Palma et al., 2016), bagasse 

(Rattanachueskul et al., 2016) and olive powder (Lopez-Cabeza et al., 2017) among others have 

attracted attention for the removal of different contaminants from aqueous solution. 
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2.4.2.1  Algae 

Algae include a large and diverse assemblage of organisms that contain chlorophyll and carry 

out oxygenic photosynthesis. Algae are classified on the nature of the chlorophyll(s), the cell 

wall chemistry, and flagellation. All types of algae contain chlorophyll a. The microorganism’s 

cell wall mainly consists of polysaccharides, lipids and proteins, which offer many functional 

groups such as carboxylate, hydroxyl, sulphate, phosphate, amide and amino groups which 

have many binding sites for metals. Main advantages on application of algae as a biosorbent 

include low cost, high metal adsorption capacity and their wide availability (Sharma and Garg, 

2014). 

 

2.4.2.2  Coconut waste  

The coconut (Cocos nucifera) is highly nutritious and rich in fiber, vitamins, and minerals. 

Coconut wastes such as coir pith, coconut bunch waste, coconut husk, copra meal, male flowers 

of coconut tree, etc. have been widely explored as adsorbents for the removal of various 

pollutants from wastewater. Isah et al. (2015) studied the removal of Reactive Blue 19 dye on 

coconut shell based activated carbon. The authors reported that the process was more efficient 

in alkaline medium than in acidic medium and also at higher temperatures. 

2.5 CHEMICAL COMPOSITION OF AGRICULTURAL ADSORBENTS 

Agricultural by-products usually are composed of lignin, cellulose and hemicellulose as major 

constituents which consists of other polar functional groups of lignin, which includes 

extractives, alcohols, aldehydes, ketones, carboxylic, phenolic, and ether groups. These groups 

have high affinity for heavy metals and can bind metal ions by donation of an electron pair 

from these groups to form complexes or chelates with the metal ions in solution (Pagnanelli et 

al., 2003, Zhou et al., 2015). Lignin is a macromolecule, which consists of alkylphenols and 

has a complex three-dimensional structure as shown in Fig. 2.1. This matrix comprises a variety 

of functional groups, such as hydroxyl, methoxyl and carbonyl, which impart a high polarity 

to the lignin macromolecule. Lignin is a polymer of aromatic compounds which provide 

structural strength, provide sealing of water conducting system that links roots with leaves, and 

protect plants against degradation. Lignin is a major component of wood, accounting for 23–

33% of softwood mass and 16–25% of hardwood mass (Bridgwater, 2004). 
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Figure 2. 1: Schematic illustration of building units of lignin (Demirbas, 2008). 

 

Cellulose is a remarkable pure organic polymer, consisting solely of units of anhydroglucose 

held together in a giant straight chain molecule that are bound together by β-(1,4)-glycosidic 

linkages as shown in Fig. 2.2. 

 

Figure 2.2: The structure of cellulose. Anhydroglucose is the monomer of cellulose, 

cellolbiose is the dimer (Ravikumar et al., 2005). 

 

2.6 BIOSORBENTS IN WATER AND WASTEWATER TREATMENTS 

The biological materials, also known as biosorbents, contain special surface properties and 

functional groups which enable them to adsorb different kinds of pollutants by metal binding 

(Ofomaja and Ho, 2007). Biosorbents offer advantages over other adsorbents in wastewater 

treatment which includes selective adsorption of heavy metal ions, little processing, low cost 

and easy regeneration (Wan Ngah and Hanafiah, 2008). However, their use is limited by low 

sorption capacity, low filtration rates and low surface area. Recently different kinds of low cost 

materials such as by-products or waste materials have been reported as potential adsorbents for 

various pollutants from aqueous solution. Gupta and co-workers have reviewed the details of 

treatment methods for various pollutants in water using low-cost adsorbents (Gupta et al., 
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2009). To eliminate the disadvantages of the biosorbent, several modifications can be applied 

which includes grinding particles to a very small size, grafting or cross-linking to a synthetic 

polymer or fixing onto an inorganic support material. The biosorbent particles can be packed 

in columns which are the most effective devices for continuous removal of pollutants, although 

mechanical strength of the biosorbent is low in packed columns. 

 

2.7 SURFACE MODIFICATION OF BIOSORBENT 

The application of untreated plant wastes as biosorbents is accompanied with several problems 

such as low adsorption capacity and leaching of soluble organic compounds contained in the 

plant material onto the solution thereby increasing the total oxygen carbon (TOC), biological 

oxygen demand (BOD and high chemical oxygen demand (COD). Pretreatment of biosorbents 

will extract plant water soluble or organic soluble constituents which may leach into treated 

water, improve the adsorption capacity of the biosorbent by swelling the material so as to 

increase the internal and external surfaces (Sciban et al., 2006) and modify the biosorbent 

surface to allow for penetration of polyfunctional organic compounds into the matrix of the 

biosorbent (Wartelle and Marshall, 2000). Chemical modification liberates new adsorption 

sites and enhances mechanical stability and protonation (Anastopoulos et al., 2013, Velazquez-

Jimenez, 2013, Yargıç et al., 2014). 

 

Several researchers have investigated the use of numerous chemical agents/extractants for 

modifying plant materials in their application as biosorbents and some of these include bases 

(sodium hydroxide, calcium hydroxide, sodium carbonate), acetone and ethanol (Montazer-

rahmati et al., 2011), acids, (hydrochloric acid, tartaric acid, nitric acid, sulphuric acid, citric 

acid), minerals, organic acid solutions and organic compounds (ethylenediamine, 

formaldehyde, epichlorohydrin, methanol, glutaraldehyde and polyethylene imine) (Feng et al., 

2011, Martínez-Cabanas et al., 2016), dye and oxidizing agents (hydrogen peroxide) (Wan 

Ngah, 2008). Several investigations have been performed on the citric modification of 

agricultural wastes products. Wartelle and Marshall (2000) modified several common 

agricultural wastes (soybeans, rice hulls, sugarcane bagasse, cottonseed, rice straw and rice 

bran) with citric acid and determined their ability to adsorb copper ions. Sciban et al. (2006) 

applied formaldehyde–sodium hydroxide treatment of oak and black locust sawdust before 

applying it as an adsorbent for removing copper and zinc from aqueous solution. It has been 
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shown that treating agricultural materials with polyacids (citric, tartaric, phosphoric) at a mildly 

elevated temperature enhanced their metal ion sorption capacity. Recently, Ramrakhiani et al. 

(2017) treated dried activated tannery industry sludge with NaOH, EDTA and n-hexane and 

observed the significant increase in the Co(II) biosorption efficiency of up to 6–8% than the 

control biosorbent. NaOH treatment was conducted for this study because of the possibility of 

the hydrolysis reactions that can lead to the formation of more hydroxyl (–OH) and carboxylic 

(–COOH) groups both in undissociated and dissociated forms and enhanced the metal binding 

properties of the biosorbent. 

 

2.8 PINE CONE 

Pine trees are evergreen, coniferous, and fast-growing resinous trees which are widely grown 

in most temperate regions in relatively dense stands. There are about 115 species of pine which 

come in male and female varieties. Male and female cones grow on the same tree but male pine 

cones are smaller, not more than 5 cm long, more herbaceous and are short lived (lives for only 

few months). They are covered with pollen sacs and after they are released, they then fall off 

the trees. Female pine cones on the other hand are woody with scaled structure, typically 3-60 

cm long and are much harder than the male pine cones. Pine cone is composed of epidermal 

and sclerenchyma cells which contain cellulose, hemicellulose, lignin, resin, and tannins in 

their cell walls which contains polar functional groups such as alcohols, aldehydes, ketones, 

carboxylic, phenolic and ether groups (Ucun et al., 2003). They also contain little amounts of 

xylose, arabinose, some extractable compounds and resins which is a sticky residue that is 

deposited on hands and fingers when pine cones are handled. Lignin strengthens the cell walls 

and protects the microfibrils of the cell wall from chemical, physical and biological attack 

(Ofomaja et al., 2009). Some properties of pine cone are shown in Table 2.1. Pine tree cones 

are produced in large quantities at forest industries as a litter and their popular uses include 

decoration, wood, making coffins and resins.  
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Table 2.1: Properties of pine cone (Brebu et al., 2010; Nagata et al., 1990) 

Properties of pine cone. Proximate analysis wt% 

Moisture   

Ash                                                         

Volatile                                                 

9.6  

0.9 

77.8 

Elemental analysis wt%  

C 

H 

N 

S 

O 

42.62 

5.56 

0.76 

0.05 

51.01 

Main constituents wt %  

Lignin 

Hemicellulose 

Cellulose 

Ethanol/toluene extractives 

37.4 

46.5 

18.8 

15.4 

 

2.8.1 Pine cone as a biosorbent 

Considering the fact that South Africa is an agricultural and industrial country, it will be much 

logical and cost effective to use the abundant agricultural wastes as adsorbents. Large quantities 

of pine cones are produced annually as agricultural by-product throughout the world. Each pine 

cone is composed of an axis upon which are borne, in a spiral fashion, a large number of woody 

scales. The use of pine cone as a biosorbent material presents strong potential due to its high 

content of cellulose, hemicellulose and lignin. Pine cone is one of the adsorbents widely used 

to treat industrial wastewater since it possesses impressive biosorption capacities for the 

removal of heavy metal ions and dyes. Pine cone has been extensively studied as an efficient 

biosorbent in the removal of textile dye (Mahmoodi et al., 2011), phosphate ion (Benyoucef 

and Amrani, 2011), phenol (Vazquez et al., 2006), copper (Ofomaja et al., 2009), cesium 

(Ofomaja et al., 2013), lead (Pholosi et al., 2013, Ofomaja et al., 2010b), chromium (VI) (Ucun 

et al., 2003) and arsenic (Saqib et al., 2013, Vinh et al., 2015). 

 



18 
 

Pine cone has been applied for various pollutants removal on its modified and unmodified form. 

Several modifying agents have been studied to reduce organic components of pine cone thereby 

increasing its adsorption capacity. Modified pine cone powder as biosorbent has been shown 

to have high affinity for many metal ions. For example, Ofomaja and Naidoo (2010) treated 

pine cone powder surface with potassium hydroxide and applied it for copper(II) and lead(II) 

removal from solution. Dawood and Sen (2012) treated pine cone with hydrochloric acid before 

applying it for anionic dye Congo red adsorption from aqueous solution. As a potential 

biosorbent, pine cone has the advantage of achieving maximum metal removal at short contact 

time. For example, Malkoc (2006) achieved equilibrium for nickel (II) in 3 minutes while Ucun 

et al. (2002) removed chromium(IV) from aqueous solution in 20 minutes. Literature research 

revealed that initial solution pH strongly affects metal sorption on to pine cone powder. Oguz. 

(2005) showed that pine cone powder capacity for chromium(VI) increased from 10.00 to 16.60 

mg/g when solution pH decreased from 5.4 to 1.5 while Ucun et al. (2003) observed an increase 

from 6.73 to 53.6 % for lead ion adsorption as solution pH was increased from 2.0 to 4.0. 

 

Pine cone like other biosorbents, possesses some limitations in wastewater treatment such as 

low biosorption capacity, low filtration rates and low surface area. A major drawback in its 

application as a biosorbent is the discolouration of the treated water due to the presence of 

organic components. However, this may be overcome by incorporating pine cone with a 

material that contains such properties. Magnetic nanoparticle is one material that has recently 

been coated on biosorbents to improve its adsorption capacity. Magnetic biosorbents such as 

magnetic sugarcane bagasse (Yamamura et al., 2011), magnetically modified spent coffee 

ground (Safarik et al., 2012), slow pyrolysis magnetic biochar (Zhang et al., 2013), magnetic 

tea waste (Lunge et al., 2014) and iron coated seaweed (Vieira et al., 2017a) amongst others 

have been explored for wastewater treatment.  

 

2.9 MAGNETIC NANOPARTICLES  

Magnetic nanoparticles are materials made up of a magnetic core and polymeric shell 

(Rakhshaee and Panahandeh, 2011). Magnetic nanoparticles have been recently applied in 

water and wastewater treatment because of their ease of synthesis, high surface area, large 

amounts of active sites for interaction with metallic and organic species, separation after use 

by an external magnetic field and the absence of internal diffusion resistance (Panneerselvam 
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et al., 2011a). Magnetic nanoparticles can be reused after magnetic separation by desorbing the 

adsorbed contaminants (Huber, 2005). Iron magnetic particles have gained popularity in recent 

years for numerous applications (Jiang et al., 2011). Several types of iron magnetic particles 

such as Fe2O3 (Mornet et al., 2002), maghemite (Hu et al., 2005), Fe3O4 (Shen et al., 2009b), 

CuFe2O4 (Tu et al., 2012) and α-Fe2O3 (Liu et al., 2018b) have been explored for their ability 

to perform as adsorbents for metallic and organic pollutants from water. According to 

Rakhshaee and Panahandeh (2011), these magnetic particles contain zerovalent iron Fe0 nano-

iron material (Fe0 NPs) which are active for remediating contaminants that are susceptible to 

reductive transformation like heavy metals of high valences (Manning et al., 2007), azo dyes 

(Fan et al., 2009), halogenated organics and toxic inorganic anions (Yang and Lee, 2005). 

Nanomagnetic materials have the advantage of being easily synthesized and manipulated 

through coating and functionalization, environmentally friendly and display high adsorption 

performances due to their large surface to volume ratio (Gupta and Nayak, 2012b). 

 

2.10 IRON NANOPARTICLES 

The intensively studied nanosized ferric oxides for heavy metals removal from wastewater 

include goethite (α-FeOOH), hematite (α-Fe2O3) (Al-Ahmari  et al., 2018), amorphous hydrous 

Fe oxides, maghemite (γ-Fe2O3) (Talbot et al., 2018), and magnetite (Fe3O4) (Feng et al., 2012). 

These nanoparticles have different chemical properties originating from the oxidation states of 

iron. They exist in a rich variety of structures (polymorphs) and hydration states. Iron oxides 

have several advantages which includes; better oxidative stability, compatibility in non-

aqueous systems, and nontoxicity over other metal nanoparticles. These iron nanoparticles have 

been widely used as materials for drug carrier (Yang et al., 2006), hyperthermia (Ghosh et al., 

2011), magnetic resonance imaging (MRI) (Ma and Liu, 2007), proton exchange membrane 

(Brijmohan and Shaw, 2007), sensor (Pankhurst et al., 2003, Sun, 2006) and cancer therapy 

(Hu et al., 2006).  

 

2.10.1 Magnetite (Fe3O4) 

Magnetite (Fe3O4) phase arises from the inverse spinel structure with Fe(III) ions which is 

distributed randomly between octahedral and tetrahedral sites, while Fe(II) ions exists only in 

octahedral sites. It exhibits the unique electrical and magnetic properties based on the transfer 
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of electrons between Fe2+ and Fe3+ in the cubic sites (Geng et al., 2008). Among all iron oxides, 

magnetite Fe3O4 possess the most interesting properties because of the presence of iron cations 

in two valence states, Fe2+ and Fe3+, in the inverse spinel structure. Magnetite can be found 

naturally as the mineral that is commonly known as lodestone, which is a black and 

ferromagnetic material. Magnetite nanoparticles are however the most studied materials due to 

their response to magnetic field through the superparamagnetic behaviour at room temperature 

with high saturation magnetization. 

 

2.10.2 Hematite (α-Fe2O3) 

Hematite, ferric oxide, can be found naturally as the mineral hematite in rocks and soils. It has 

the corundum structure where the oxides ions form a hexagonal close packing lattice and FeIII 

ions occupying octahedral holes (Butler et al., 2003). Two thirds of the holes are occupied with 

FeIII ions and this arrangement produces pairs of Fe(O)6 octahedra. In the structure, each 

octahedra shares edges with three other neighbors in the same plane and shares a face with 

another one from an adjacent plane. Hematite has been applied for treatment of both heavy 

metals and dyes from aqueous solution (Al-Ahmari  et al., 2018). 

 

2.10.3 Zero-valent iron 

Nano zero-valent iron (nZVI) has been shown to be a strong reducing agent useful for removing 

several pollutants from aqueous solution. The nZVI has been reported to have the ability to 

reduce Cr(VI) to Cr(III), and also adsorb and co-precipitate the chromium (III) in solution 

(O’Carroll et al., 2013). Different types of nZVI processes also have been used to treat various 

pollutants, including chlorinated hydrocarbons, nitrochlorobenzene, nitrites, dyes, and textile 

wastewaters due to the strong redox potential and large specific surface area of the nZVI 

particles (Liu et al., 2012) 

 

2.11 COATING OF MAGNETIC NANOPARTICLES 

One major issue in the use of nano particles is agglomeration which occurs primarily by direct 

interparticle interactions via Van der Waals forces and magnetic interaction (Cushing et al., 

2004). This phenomenon of agglomeration causes a reduction of specific surface area, 

interfacial free energy and ultimately particle reactivity (Rakhshaee and Panahandeh, 2011). 
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Iron magnetic nanoparticles especially Fe3O4 are also known to show poor selectivity and 

stability under acidic conditions (Liu et al., 2013). Surface modification using a stabilizer is 

therefore of great importance in determining the nanoparticle stability under physiochemical 

conditions. These stabilizers are capable of increasing dispersion of the nanoparticles by 

electrostatic repulsion and steric hindrance (Yang and Lee, 2005). Magnetic nanoparticles can 

therefore be coated on solid matrix such as polymers, silica, organic coating agents, carbon, 

zeolites and biomaterials to make separation from the effluent simple (Zhang, 2003). 

 

2.11.1 Coating of magnetic nanoparticles onto biomaterials 

Magnetic nanomaterial’s applied as adsorbents in water treatment are usually injected directly 

into the effluent stream and subsequent separation of the nanoparticles from aqueous solution 

is usually difficult and time consuming and may lead to clogging in continuous systems 

(López-Téllez et al., 2011). Coating magnetic nanoparticles with biomaterials combines the 

relatively large numbers of active sites, the high specific surface area and the convenience of 

separation offered by the magnetic species, with the adsorption properties of the biomaterial 

due to the presence of the functional groups it contains. Iron magnetic nanoparticles have been 

coated or functionalized and stabilized by biological materials such as seaweed (Vieira et al., 

2017b), orange peel powder (Gupta and Nayak, 2012b), Shellac (Gong et al., 2012), tea waste 

(Panneerselvam et al., 2011b), orange peel pith (López-Téllez et al., 2011), cross-linked pectin 

(Rakhshaee and Panahandeh, 2011), polyacrylic acid (Huang and Chen, 2009), humic acid (Liu 

et al., 2008), gum arabic (Banerjee and Chen, 2007), and chitosan (Chang and Chen, 2005). 

The prepared magnetic nanomaterial-biosorbents have been applied for the removal of heavy 

metals and organic pollutants from aqueous solution. The addition of chelating organic anions, 

such as carboxylate ions (e.g. citric, gluconic, or oleic acid) or polymer surface complexing 

agents (e.g. dextran, carboxydextran, starch, or polyvinyl alcohol) during the formation of 

magnetite can help to control the size of the nanoparticles (Laurent et al., 2008). 

 

2.12 APPLICATION OF MAGNETIC NANOPARTICLES FOR POLLUTANTS 

REMOVAL 

Recently, nanosized magnetic material have gained special attention as adsorbents for 

pollutants removal based on their numerous advantages such as high separation efficiency, 



22 
 

simple manipulation process, kind operation conditions (Lu and Astru, 2018) and ease of 

functional modifications. They also possess high surface area and optimal magnetic properties, 

which lead to high adsorption efficiency, high removal rate of contaminants, easy and rapid 

separation of adsorbent from solution via magnetic field. Magnetic nanoparticles can be 

reusable after magnetic separation by removing the adsorbed toxic contaminants (Chen et al., 

2009). Their basic properties, extremely small size, high surface-area-to volume ratio and the 

absence of internal diffusion resistance provides better kinetics for adsorption of metal ions 

from aqueous solution. Magnetite nanoparticles with superparamagnetism can be easily 

magnetized with an external magnetic field and demagnetized immediately once the external 

magnetic field is removed, not retaining any magnetism. Magnetic nanoparticles are 

susceptible to air oxidation and due to high specific surface energy and anisotropic dipolar 

attraction, magnetite nanoparticles tend to aggregate together into larger clusters which lead to 

a possible loss of superparamagnetism and limit their applications. Modification of the surface 

of MNPs not only prevents aggregation/agglomeration of the particles, leading to colloidal 

stability, but also renders them with water-solubility, biocompatibility, non-toxicity, 

nonspecific adsorption to cells, and bioconjugation. 

 

2.13 SYNTHESIS OF Fe3O4 NANOPARTICLES 

Due to unique size, biocompatibility, low toxicity and superparamagnetic properties, magnetic 

nanoparticles are emerging as promising tools in various fields such as physics, medicine, 

biology, environment and material science. Most of these applications require the nanoparticle 

to be of uniform in shape and size, and be well dispersed in a solvent (Jang and Lim, 2010). 

The optimization of properties can be achieved by choosing appropriate synthesis method or 

by varying preparation conditions. For different applications, various methods have been 

reported to synthesize iron oxide nanoparticles including co-precipitation, thermal 

decomposition, sol-gel synthesis, hydrothermal reaction, micro emulsion synthesis, 

solvothermal synthesis, sonochemical reaction, laser pyrolysis and high temperature organic 

phase decomposition (Daou et al., 2006, Zhang et al., 2007, GhanbarI, 2014, Aphesteguy et al., 

2015, Baier et al., 2007). These studies provided many useful preparation technologies for the 

preparation of Fe3O4 with different shapes. Among these reported methods, the chemical co-

precipitation has been found to be the most promising method because of its simplicity, 

productivity and spherical shaped Fe3O4 has been obtained (Mohsen et al., 2014). A brief 
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description of the methods most widely used for preparing materials with applications in metal 

removals is given in the following section: 

2.13.1 Micro emulsion method 

Microemulsion is defined as a thermodynamically stable isotropic dispersion of two 

immiscible liquids consisting of nano-size domains of one or both liquids in the other, 

stabilized by an interfacial film of surface-active molecules. Microemulsions may be classified 

as water-in-oil (w/o) or oil-in-water (o/w) depending on the dispersed and continuous phases 

(Pestana et al., 2008). Water and oil (w/o) microemulsion is a method consisting of nano sized 

water droplets dispersed in an oil phase and stabilized by surfactant molecules at the water/oil 

interface.  The major advantage of the microemulsion systems is that the size of nanoparticles 

can be controlled by varying their composition and by modulating the size of the aqueous 

micellar core. However, there are several disadvantages of using microemulsions for the 

synthesis of magnetic nanoparticles. First, extensively agglomerated nanoparticles are often 

generated. Second, the nanoparticles are poorly crystalline for the procedure is usually 

performed at a relatively low temperature. Third, the yield of the nanoparticles is often very 

low (Zhang et al., 2007).  

2.13.2 Hydrothermal 

Hydrothermal reactions are aqueous reactions carried out using autoclaves or high-pressure 

reactors where the pressure can be over 2000 psi at temperatures above 200 oC. High 

temperatures result in rapid nucleation and faster growth of the newly formed particles, leading 

to the formation of small-sized nanoparticles (NPs). There are two main routes for the 

formation of magnetite via hydrothermal conditions: (1) hydrolysis and oxidation (2) 

neutralization of mixed metal hydroxides. These two reactions are very similar, except that 

only ferrous salts are used in the first method. In this process, the reaction conditions, such as 

solvent, temperature, and time, usually have important effects on the products. In the 

hydrothermal process, the particle size is controlled mainly through the rate processes of 

nucleation and grain growth. Size and morphological control in hydrothermal reactions is 

achieved by controlling time and temperature whereas the reaction conditions of precursor 

material and pH have an impact on phase purity of the nanoparticles. Daou et al. (2006) have 

described the hydrothermal synthesis of monodisperse magnetite nanoparticles of average size 

39 nm. 
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2.13.3 Co-precipitation method 

Co-precipitation method has been by far the most commonly used method for the preparation 

of magnetic iron oxide nanoparticles. In coprecipitation method, magnetite nanoparticles are 

precipitated from a mixed ferrous and ferric salt solution by adding NaOH or NH4OH as a 

precipitating agent. The advantage of this method is that it is fast, simple, cost effective, 

versatile and diverse surface modification can be carried out at the same time during the 

preparation and large quantities of particles can be synthesized. The size, composition and 

shape of nanoparticles depend on the type of salts used (chlorides, sulphates, nitrates, 

perchlorates), temperature, solution pH, Fe2+ and Fe3+ ratio and ionic strength of the 

precipitation medium (Liu, 2004). Particles with sizes ranging from 5 to 100 nm have been 

obtained using this method. In general, the magnetite reaction may be written as follows: 

Fe2+ + 2Fe3+ + 8OH→ Fe3O4 + 4H2O       (2.1)  

 

2.14 MOLECULAR RECOGNITION COMPOUNDS 

Molecular recognition involves a specific interaction between two or more molecules via non-

covalent bonding e.g. metal coordination, hydrogen bonding, hydrophobic interaction, halogen 

bonding, π-π interaction, electrostatic effects, electromagnetic effect and van der Waals forces 

(Cosic, 1994). In the application of molecular recognition to the separation processes, a 

chemical compound with high species selectivity attached to a solid support is used to 

accomplish the required chemical separation. The recognition compound called the “host” 

possesses a high degree of recognition to specific elements or compounds called the “guest” 

(Rahman et al., 2013). The recognition property of the compound should be effective even at 

low concentrations of the “guest” or when the guest is present in complex matrices (Izatt, 

1994). The “host” compound is usually the larger molecule which encompasses the smaller 

“guest” molecule. Some known “host” molecules include cyclodextrin, calixarenes, 

pillararenes, cucurbiturils, porhyrins, crown ethers, cryptophanes etc. The thermodynamic 

benefits of the host-guest chemistry are derived from the idea that there is a lower overall Gibbs 

free energy due to the interaction between host and guest molecules. One important recognition 

compound applied in water and wastewater treatment for host-guest interaction is cyclodextrin 

(CD), which are cyclic oligosaccharides formed by monomers of D-glucopyranose bound 

together by means of α-1,4-glycocidc linkages and closed in a ring to form a hollow structure 



25 
 

of a truncated cone (Paolino, 2013). Host-guest supramolecular complexes involving an 

amphiphilic compound and a cyclodextrin ring is driven by non-covalent interactions, 

including van der Waals, hydrophobic, electrostatic and charge transfer interactions, metal 

coordination, hydrogen bonding and steric effects (Zhang and Wang, 2011). In aqueous 

solution, the inclusion of (dehydrated) guest into the non-polar cavity of the CD is accompanied 

by the release of water from the CD cavity as shown in Fig. 2.3. The latter process is strongly 

dependent on the interactions between water-water and water-cyclodextrin occurring inside the 

cyclodextrin cavity (Pajzderska et al., 2011), and it also depends on other factors, including the 

size of the cyclodextrin cavity and guest as well as the structure (geometry) of guest molecules 

(Garcia-Rio et al., 2010). 

 

 

Figure 2.3: Cyclodextrin inclusion complex formation using xylene as the guest molecule. 

Small circles represent the water molecules  

 

2.15 CYCLODEXTRIN 

Cyclodextrins (CDs) are a family of compound made of sugar (starch) molecules bound 

together in a cyclic ring. They are a group of naturally cyclic oligosaccharides, with six, seven, 

or eight glucose sub-units linked by α-(1,4) glycosidic bonds in a torus shaped structure and 

are denominated as α-, β-, and γ-CD, respectively. The three-dimensional structures formed in 

CD keeps the hydroxyl groups on the outer edges, while hydrogen atoms and oxygen bridges 

exist in the internal cavity. This structure therefore, makes cyclodextrin possess an internal 

hydrophilic surface and a hydrophobic central cavity (Meyer et al., 2000, Mallard et al., 2015). 

Non-polar pollutant can be trapped on the internal cavity while the outer surface remains 

hydrophilic. Cyclodextrin-based polymers could remove both organic and inorganic pollutants 

from water to desirable levels because of their efficiency in pollutant removal from poly-

contaminated mixtures, even at low trace concentrations. Attention has recently been focused 
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on cyclodextrin based polymeric materials in a wide variety of applications due to their unique 

sorption properties. Due to the properties and size of the cavity, CD’s are able to form inclusion 

complexes either in solution or in the solid state with a wide variety of guest molecules differing 

in their chemical and physical properties (Braibanti et al., 1998). CDs represent an interesting 

and attractive alternative as adsorbents because of their particular structure, physico-chemical 

characteristics, chemical stability, high reactivity and excellent selectivity towards aromatic 

compounds and metals, resulting from the presence of chemical reactive groups (hydroxyl, 

acetamido or amino functions) in polymer chains (Crini, 2005a). The α-, β-, and γ-CD chemical 

structures are shown in Fig. 2.4 and their properties are demonstrated in table 2.2. 

 

 

 

Figure 2.4: Chemical structure of alpha- (α-CD), beta- (β-CD) and gamma- (γ-CD) 

cyclodextrins. 

 

Table 2.2: Properties of natural cyclodextrins. Adapted from: Cyclodextrins and their 

complexes; (Dodziuk, 2006) 

Property  α-Cyclodextrin  β-Cyclodextrin  γ-Cyclodextrin  

Number of glucose units  6  7  8  

Molecular weight  972  1134  1296  

Approximate inner cavity 

diameter (pm)  

500  620  800  

Approximate outer diameter 

(pm)  

1460  1540  1750  

Approximate volume of 

cavity (106 pm3)  

174  262  427  

Solubility in water at 25oC 

(g/100 mL)  

14.5  1.85  23.2  

Surface tension (MN/m)  71  71  71  
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Melting temperature range 

(oC)  

255-260  255-265  240-245  

Crystal water content (wt.%)  10.2  13-15  8-18  

Water molecules in cavity  6  11  17  

 

2.16 BETA-CYCLODEXTRIN 

Among the three types of cyclodextrin, β-CD has a rather rigid structure, complete with a 

secondary belt formed by hydrogen bonds (Szejtli, 2004). β-CD has 21 hydroxyl groups present 

at the 2-, 3- and 6-positions in the glucose unit which are very reactive and available to form a 

number of linkages. Furthermore, β-CD shows excellent intermolecular interaction due to its 

hydrophobic cavity, which can accommodate and recognize various types of compounds. β-

CD is the most commonly applied due to the relative ease of synthesis, low price and the 

presence of internal cavity into which large number of molecules will fit. However, their main 

disadvantage which limits its application in pollutants removal from wastewater is the fact that 

they are very soluble in water. Numerous studies on the preparation of water-insoluble β-

cyclodextrin polymer (β-CDP) has been conducted to overcome the solubility problem (Morin-

Crini and Crini, 2013). 

 

Figure 2.5: Chemical structure and shape of the β-cyclodextrin molecule (Crini and Crini, 

2013). 

 

2.17 CROSS-LINKING 

Cross-linking occurs when a reagent (namely a crosslinking agent) introduces intermolecular 

bridges and/or crosslinks between polysaccharide macromolecules thus forming a three-

dimensional network. Chemical cross-linkers used for carbohydrate molecules are 

polyfunctional compounds with electrophilic functions that can form covalent bonds with the 

free reactive hydroxyl groups of the carbohydrate molecules (Gallego et al., 2013a). Several 

types of cross-linkers for carbohydrate molecules have been studied and applied, some of 

which include epichlorohydrin (1-chloro-2,3-epoxypropane) (Chen et al., 2011), diisocyanate 
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(Mohamed et al., 2011b), glutaraldehyde (Mera et al., 2008) and dicarboxylic acids (Sarkar 

and Kochak, 2005). The cross-linker when applied usually produce branching across the 

carbohydrate molecules leading to three-dimensional network which converts the carbohydrate 

molecule from being water-soluble into an insoluble and re-generable network shaped polymer 

suitable for variety of applications (Liu et al., 2011).  

 

Cross-linkers have been used to form links between biomaterials and specific molecular 

recognition compounds as in the case of composites formed between cotton and cyclodextrin 

(CD) using vinyl monomer as cross-linker (Lee et al., 2001), starch and cyclodextrin (CD) 

using hexamethylene diisocyanate (HMDI) as cross-linker (Ozmen et al., 2008) and chitosan 

beads and cyclodextrin using hexamethylene diisocyanate (HMDI) as cross-linkers (Zha et al., 

2008). In the case of epichlorohydrin (EPI), lone pairs of electrons on the oxygen of –OH on 

the carbohydrate and/or molecular recognition compound interact with the electron efficient 

carbon (–CH2-) of the epoxide. Due to the unique structure of the molecules combined with 

their polyfunctionality, β-CD molecules can form cross-linked networks. β-CD can be cross-

linked by direct reaction between its hydroxyl groups with a coupling agent to form water-

soluble or water-insoluble polymeric structures. The primary product of the reaction of CD 

with a coupling agent such as epichlorohydrin (EPI) or hexamethylene diisocyanate (HMDI) 

in an alkaline medium is a heterogeneous mixture of various CD glyceryl ethers. Cross-linked 

beads have advantages such as faster kinetics, increased ease of operation (Bailey et al., 1999) 

and interesting diffusion properties. After adsorption, the cross-linked materials can be easily 

regenerated by washing using a solvent or by solvent extraction. Cross-linked materials retain 

their original properties even though crystallinity changes and are not affected by acidic or 

basic solutions.   

 

2.17.1 Epichlorohydrin as a cross-linking agent 

Epichlorohydrin is a bifunctional cross-linking agent containing two reactive functional 

groups, which can form bonds with β-CD molecules (cross-linking step) and/or itself 

(polymerization step). EPI (1-chloro-2,3-epoxypropane) is the most common cross-linker used 

in polysaccharide chemistry (Morin-Crini and Crini, 2013). It is a short molecule with an epoxy 

group which is highly reactive with hydroxyl groups. Although this cross-linking reaction was 

developed 60 years ago, it is well known and relatively easy to apply for the preparation of 



29 
 

water-insoluble β–cyclodextrin-epichlorohydrin based networks. Modified CDs have recently 

received attention for their ability to efficiently remove both toxic heavy metals and organic 

pollutants. Delval and co-workers prepared β-CD polymer by polymerization using EPI as a 

cross linking agent for aromatic pollutants removal (Delval et al., 2002). Sikder et al. (2014) 

modified all three types of CD with epichlorohydrin to reduce their solubility in water before 

applying them for Cu(II) ions removal from aqueous solution. The authors achieved an increase 

in Cu(II) adsorption capacity after modification. 

 

2.17.2 Hexamethylene diisocyanate as a cross-linking agent 

Diisocyanate are interesting for environmental purposes because they are highly cross-linked 

and possess high surface areas and a heterogeneous non-polar network. When diisocyanates 

are applied as cross-linkers, for example, the isocyanate group (-N=C=O) reacts favourably 

and specifically with the –OH nucleophile on the carbohydrate and/or molecular recognition 

compound because of its ability to coordinate with hydrogen of the nucleophile and in the 

process, form two amide linkages (-CO-NH-) between the biomaterials or biomaterial and 

molecular recognition compound (Gallego et al., 2013b). Yamasaki et al. 2008, prepared a 

series of cross-linked cyclodextrin particles using diisocyanate-based cross-linkers. Choubey 

(2018) recently crosslinked hexamethylene diisocyanate with pine cone and applied it for 

removal of 2-nitrophenol from aqueous solution. The authors observed an increase in 2-

nitrophenol adsorption capacity after crosslinking with hexamethylene diisocyanate. 

 

2.17.3 Cross-linking cyclodextrin to magnetic nanoparticles 

Recently studies have been conducted on crosslinking or modifying the soluble cyclodextrin 

with different materials for different pollutants removal from aqueous solution. A step further 

in developing adsorbents with superior properties would be the inclusion of magnetite coated 

nanoparticles into cyclodextrin, thus combining the advantages of both materials. Badruddoza 

et al. (2011) developed a nano-sorbent with carboxymethyl-β-CD modified Fe3O4 

nanoparticles (CM-CD-MNPs) for the removal of copper ions and methylene dye from aqueous 

solution. CM-β-CD was suspected to form metal complexes, which play an important role in 

its ability to mitigate metal toxicity. The adsorption of methylene blue reached equilibrium 

within 50 min with 85–90% being adsorbed within 20 min of contact. Abdolmaleki et al. (2015) 
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reported a simple, cost-effective, and environmentally friendly synthesis of a novel nano-

sorbent using triazinyl-β-CD-modified magnetic nanoparticle (T-β-CD–MNPs). In this work, 

a novel magnetite coated pine cone was cross-linked to carboxymethyl cyclodextrin and 

cyclodextrin using hexamethylene diisocyanate. 

2.18 ADSORPTION PROCESS 

Adsorption is a mass transfer process by which a substance is transferred from the liquid phase 

to the surface of a solid, and becomes bound by physical and or chemical interactions 

(Kurniawan and Babel, 2003). Compared with conventional or some biological methods for 

removing pollutants from industrial effluent, the adsorption process offers significant 

advantages such as cost effectiveness, profitability, high removal efficiency, minimization of 

chemical or biological sludge, regeneration of adsorbents, possibility of metal recovery, 

simplicity of operation, no metal toxicity issues and simplicity of design (Hashem et al., 2007, 

Mittal et al., 2005, Mohammad et al., 2010, Yao et al., 2009, MM et al., 2010). The main 

motivation for the use of adsorption process for wastewater treatment includes: (1) the 

difficulty to remove certain pollutants via conventionally secondary treatment, (2) the toxic or 

hazardous nature of the pollutants, (3) the high volatility which creates harmful vapours or 

odours, and (4) their presence in very low concentrations that make their removal via other 

methods difficult (Kumar et al., 2011, Sud et al., 2008). 

 

2.18.1 Adsorption mechanism 

Due to high affinity of the sorbent for the metal ion species, the latter is attracted and bound by 

rather complex process affected by several mechanisms involving chemisorption, 

complexation, adsorption on surface and pores, ion exchange, chelation, adsorption by physical 

forces, entrapment in inter and intrafibrillar capillaries (Basso et al., 2002, Qaiser et al., 2007).  

 

2.18.2 Factors affecting adsorption 

Adsorption process has been reported to be mostly affected by certain factors including; initial 

concentration of pollutants, solution pH, surface area of adsorbent, temperature, ionic strength, 

competing ions, contact time and particle size of the adsorbent (Chibban et al., 2012, Ihsanullah 

et al., 2016). The percentage removal of most various pollutants have been reported to usually 
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increase with increase in the adsorbent dose, initial concentration, contact time, and stirring 

speed (Bisht et al., 2016). Some factors affecting the adsorption of pollutants by different 

adsorbents are discussed in the following sub section. 

 

2.18.2.1 Solution pH 

Previous reports have shown that the solution pH is one important parameter affecting the 

adsorption process (Pholosi et al., 2013). Solution pH significantly affects the ionization 

degree, the metal chemistry and the mineral’s surface properties (Ansari et al., 2011). 

Hamdaoui. (2006) showed that adsorption of methylene blue on sawdust and crushed brick 

increased by increasing solution pH (until solution pH of 9). For pH values lower than 5, both 

adsorbents were positively charged, hence a decrease in adsorption capacity was observed 

because methylene blue is a cationic dye. Cesium uptake by pine cone modified 

hexacyanoferrate was also revealed to have increased with increasing initial solution pH 

(Ofomaja et al., 2015). At low solution pH, the solution is acidic having high H+ ion 

concentration which will compete with Cs+ ions for adsorption sites leading to lower Cs+ 

uptake. Whereas, as solution pH increases, an increase in Cs+ uptake was due to the decrease 

in H+ ion concentration in solution and the ionization of surface acid groups. El-Said et al. 

(2011) studied the effect of solution pH between pH 2 to 8 on the adsorption of Zn(II) onto rice 

husk. They observed that the removal of Zn(II) increased with increasing pH, and the maximum 

removal occurred at pH 6 (El-Said et al., 2011). It has also been demonstrated that the 

adsorption of cations is higher at pH values higher than the point of zero charge (pHPZC) and 

lower at low pH values (Ihsanullah et al., 2016, Chibban et al., 2012). This is due to electrostatic 

interactions between the cation ions and negative surface charge at higher solution pH. 

 

2.18.2.2 Adsorbent dose 

Adsorption of heavy metals was found to be highly affected by the adsorbent dose. It has been 

investigated that the percentage removal of pollutants increases with an increase in adsorbent 

dosage. This can be justified due to the extra availability of vacant sites at higher adsorbent 

dosage (Gupta et al., 2015). Kumar et al. (2012) explored modified agricultural waste for metal 

ion adsorption. The authors reported that the metal ion removal increases with increase in 

adsorbent dose due to the availability of high surface area. 
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2.18.2.3 Temperature 

Effect of temperature on the adsorption studies have also been investigated by many 

researchers. Variations in temperature cause changes in the thermodynamic parameters. 

Adsorption of pollutants may increase with an increase in temperature resulting in an 

endothermic process or decrease with an increase in temperature resulting in exothermic 

process. From various reports, adsorption of most pollutants or heavy metals have been 

observed to be an endothermic process. An increase in temperature subsequently results in an 

increase in the diffusion rate of the adsorbate. High temperature normally increases molecular 

activity at boundary layer interface which may increase the rate of diffusion of solute. 

Increasing temperature increases the surface activity and kinetic energy of adsorbate. However, 

it has been reported that the physical structure of the adsorbent may also be affected (Fomina 

and Gadd, 2014). Saha et al. (2013) studied the uptake of Cr(VI) metal ions by mosambi (Citrus 

limetta) peel and observed an increase in Cr(VI) removal with increasing temperature leading 

to an endothermic process. 

 

2.18.2.4 Initial concentration of pollutant 

Studies have shown that the initial concentration of the pollutant in the liquid phase 

significantly affects the adsorption process. However, at low initial concentration the ratio of 

pollutants to adsorbent mass is low and thus adsorption does not depend on initial 

concentration. Increasing the initial concentration means that more pollutants are available and 

thus, more are adsorbed for constant adsorbent mass. At higher initial concentration the driving 

force to overcome the mass transfer resistance for the migration of the pollutants from the bulk 

solution to the mineral surface increases (Arief et al., 2008). In several studies, the increase of 

initial concentration has been found to result in an increase in the adsorption capacity and a 

decrease of the percentage removal. 

 

2.18.3 Modelling of Adsorption experimental data 

Predicting the rate at which adsorption takes place for a given system and understanding how 

adsorbates interact with adsorbents are the most important factor in adsorption system design. 

The kinetic parameters describe the solute uptake rate which in turn controls the residence time 

of adsorbate uptake at the solid–solution interface. In addition, predicting the rate of pollutants 
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removal from aqueous solution is important in kinetics as it gives information for designing 

and modelling the processes. While on the other hand, the adsorption isotherms are so critical 

in optimizing the use of adsorbents. Thus, the correlation of equilibrium data by either 

theoretical or empirical equations is essential to the practical design and operation of adsorption 

systems. Several isotherms and kinetic equations are well explained and applied to fit 

experimental data. 

 

2.18.3.1  Equilibrium Isotherm models 

Adsorption isotherm is basically important to describe how solutes interact with adsorbents 

and is critical in optimizing the use of adsorbents. Equilibrium condition is attained when the 

concentration of the solute remains constant, as a result of zero net transfer of solute adsorbed 

and desorbed from adsorbent surface. The equilibrium adsorption isotherms describe the 

relationships between the equilibrium concentration of the adsorbate in the solid and liquid 

phase at constant temperature (Nadeem et al., 2006; Gökmen et al., 2002; Wang and Qin. 

2005), and also propose the involved interactive forces in the process. The process at constant 

temperature, can be described by an adsorption isotherm according to the general equation:  

 

         (2.2) 

 

where q is the equilibrium sorption capacity (mg/g), Co, the initial adsorbate concentration 

(mg/dm3) Ce, the equilibrium adsorbate concentration (mg/dm3), V the solution volume (dm3) 

and m is the mass of the adsorbent (g). The percentage removal is calculated using the 

following equation: 

         (2.3) 

Considering that the adsorption process can be more complex, several adsorption isotherms 

were proposed. Among these, the most commonly used models to describe the process in water 

and wastewater applications were developed by Langmuir and Freundlich (Ho, 2004; Basha et 

al., 2008). Equilibrium isotherms such as the Temkin, Langmuir- Freundlich (Sips isotherm), 

Redlich-Peterson, Tooth, and Dubinin-Radushkevich have also be used to model experimental 

data. 
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Table 2.3 Equation of isotherm models for Adsorption Equilibrium  

Isotherm Equation 

Freundlich  

Langmuir 
 

BET  

Langmuir-Freundlich (Sips) 
𝑞𝑒 =  

𝑞𝑚𝑏𝐶𝑒
𝛽

1 + 𝑏𝐶𝑒
𝛽

 

Redlich-Peterson 
𝑞𝑒 =

𝐴𝐶𝑒

1 + 𝐵𝐶𝑒
𝑔 

Temkin  
𝑞 =

𝑅𝑇

𝑏𝑇
𝑙𝑛𝐴𝑇𝐶𝑒 

Dubinin-Radushkevich  𝑞𝑒 = (𝑞𝑠)exp (−𝐾𝑑𝜀2) 

 

2.18.4 Freundlich isotherm 

The isotherm developed by Freundlich is one of the earliest empirical equations used to 

describe equilibrium data. The isotherm assumes a heterogeneous surface with a non-uniform 

distribution of heat of adsorption, where the total amount of adsorbed material is the summation 

of adsorption on all sites. It describes reversible adsorption and is not restricted to the formation 

of monolayer. The isotherm can be derived assuming a logarithmic decrease in the enthalpy of 

biosorption with the increase in the fraction of occupied sites and is given by:  

 

          (2.4) 

        

Where KF and 
1

𝑛
 are the Freundlich constants characteristics of the system, indicating the 

biosorption capacity and biosorption intensity, respectively. Eq. (2.3) can be linearized in 

logarithmic form to give Eq. (2.4) and the Freundlich constants can be determined.  
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        (2.5) 

         

2.18.5  Langmuir isotherm 

The Langmuir isotherm is a theoretical isotherm developed in 1916 (Coulson and Richardson, 

1991) by Langmuir to relate the amount of gas adsorbed on a surface due to the pressure of the 

gas. It is the simplest theoretical isotherm for monolayer adsorption onto a surface with finite 

number of identical sites. At constant temperature, metal ions held onto the biosorbent will be 

in equilibrium with metal ions in bulk solution. The equation is applicable to homogeneous 

adsorption where adsorption process has equal activation energy. This model is based on the 

following assumptions; (i) Adsorption cannot proceed beyond monolayer coverage, (ii) All 

sites are equivalent and the surface is uniform (that is, the surface is perfectly flat on a 

microscopic scale), (iii) The ability of a molecule to adsorb at a given site in independent of 

the occupation of neighbouring sites. The saturated monolayer isotherm can then be 

represented as: 

                        (2.6)                      

 

Where Ce is the equilibrium concentration (mg/dm3); qe is the amount of metal ion adsorbed 

(mg g-1); qm is the qe for a complete monolayer (mg g-1), Ka is the biosorption equilibrium 

constant (dm3/mg). 

 

2.18.6  BET isotherm  

The BET model is an extension of the Langmuir model for multilayer biosorption (Bruanuer 

et al., 1938). It assumes that if the initial adsorbed layer can act as an adsorbent for further 

adsorption, then, instead of the isotherm levelling off to some saturated value at high pressure, 

it can be expected to rise indefinitely. The original form of the BET equation is given as: 
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Where Ce is the concentration of solute remaining in solution equilibrium (mg/dm3), Cs the 

saturation concentration of solute (mg/dm3), q the amount of solute adsorbed per unit weigh of 

adsorbent (mg g-1), qm the amount of solute adsorbed per unit weigh of biosorbent in forming 

a complete monolayer on the surface (mg g-1) and KB is the constant expressive of energy of 

interaction with the surface. The equation can be written in the linearized form:  

 

                (2.8) 

 

A plot of Ce/(Cs-Ce)q against (Ce/Cs) should give a straight line and from the slope and intercept 

the values of KB and qm can be calculated. 

 

2.18.7  Temkin Isotherm  

The Temkin isotherm model assumes that the adsorption energy decreases linearly with the 

surface coverage due to adsorbent–adsorbate interactions and the adsorption is characterized 

by a uniform distribution of binding energies, up to some maximum binding energy (Temkin 

and Pyzhev, 1940). The nonlinear form of Temkin isotherm model is given by the equation: 

 )ln( ee CK
b

RT
q

T
                  (2.9) 

where b (J/mol) is the Temkin constant related to the heat of sorption and KT (dm3/g) is the 

equilibrium binding constant related to the maximum binding energy. The free energy change 

associated with the maximum binding energy is given as: 

 )/( max RTGExpKT                 (2.10) 

The corresponding enthalpy (ΔH) and entropy (ΔS) associated with the maximum binding 

energies can be obtained from the equation: 

 ΔGmax= ΔHmax - T ΔSmax             (2.11) 
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2.18.8 Dubinin-Radushkevich 

Dubinin-Radushkevich model is generally applied to express the nature of biosorption as 

physical and chemical. In Dubinin-Radushkevich isotherm, the magnitude of E can be related 

to the reaction mechanism. If E is in the range of 8–16 kJ/mol, sorption is governed by ion 

exchange (EL-Kamash et al., 2005). In the case of E < 8 kJ/mol, physical forces may affect the 

sorption mechanism. The Dubinin–Radushkevich (D–R) isotherm has the linear form of: 

 
2lnln  me qq             (2.12) 

where qm is the Dubinin–Radushkevich monolayer biosorption capacity (mg/g), β a constant 

related to biosorption energy (mol2/kJ2), and ε is the Polanyi potential which is related to the 

equilibrium concentration as follows 

 












eC
RT

1
1ln                 (2.13) 

where R is the gas constant (8.314 J/mol K) and T is the absolute temperature. The constant β 

gives the mean free energy, E (kJ/mol), mean free energy change when 1 mol of the ion is 

transferred to the surface of the solid from infinity in the solution and can be computed using 

the relationship: 

 
2

1
E                (2.14) 

 

2.18.9  Langmuir-Freundlich (Sips) 

Langmuir-Freundlich (Sips) model is the combination of Langmuir and Freundlich models, 

developed by Sips in (1948). The model is mostly used to study the equilibrium of 

multicomponent systems and it is obtained by introducing a power law expression of the 

Freundlich isotherm into the Langmuir isotherm. The non-linearized form of Sips isotherm 

model can be given as follows: 

 

𝑞𝑒 =  
𝑞𝑚𝑏𝐶𝑒

𝛽

1+𝑏𝐶𝑒
𝛽                            (2.15) 
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where, qm (mg/g) is the maximum monolayer adsorption capacity, b [(L/mg) m s] is the Sips 

isotherm constant representing the energy of adsorption. β is the empirical constant. When the 

value of β = 1 or closer to 1, the Sips isotherm equation reduces to the Langmuir equation and 

if the value of either Ce or b approaches 0, the Sips isotherm reduces to Freundlich isotherm.  

 

2.19  KINETIC MODELS TO PREDICT THE RATE OF ADSORPTION 

Adsorption kinetics involves the study of the rate at which pollutants are removed from 

aqueous solution onto adsorbent surface, which in turn controls the residence time of the 

adsorbate uptake at the solid solution interface. It essentially provides valuable insight into the 

reaction pathways and mechanisms of the adsorption processes. Numerous kinetic models have 

been used to express the mechanism of solute adsorption onto adsorbent and to describe the 

reaction order of adsorption systems based on solution concentration. Reaction orders based 

on the capacity of the adsorbent have been presented, such as Lagergren’s first-order equation 

(Lagergren, 1898), Pseudo second-order expression (Ho and MCkay, 2000) and diffusion 

chemisorption model (Sutherland, 2004). 

 

2.19.1  Lagergren Pseudo first order model 

The first order rate equation was presented by Lagergren in 1898 for the adsorption of oxalic 

acid and malonic acid onto charcoal (Lagergren, 1898).  This Lagergren first order rate 

equation has been called Pseudo first order (Ho and MCkay, 1998). Lagergren distinguished 

kinetics equation based on the solution concentration and adsorption capacity of solids. Ever 

since this kinetic equation has been widely applied for adsorption of different kinds of 

pollutants including heavy metals and organic compounds. The pseudo-first order kinetic 

model can be used to follow adsorption kinetics which proceeds by diffusion through a 

boundary (Lagergren, 1898) and it is expressed as:  

 

log (𝑞𝑒 − 𝑞𝑡) = log (𝑞𝑒) −
𝑘1

2.303
𝑡               (2.16) 

 

The nonlinear form of the pseudo-first order model is given as: 

 

 kt

et eqq  1                  (2.17) 
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Where qt and qe are the amount adsorbed at time t and at equilibrium, respectively, and k1 is 

the rate constant of the pseudo-first-order kinetic model (min-1). Plots of log (qe-qt) versus t 

gives a straight line for pseudo-first-order kinetics, k1 and qe can be determined from the slope 

and intercept of the graph respectively. 

 

2.19.2 Ho second order reaction model 

The pseudo-second order model is based on the assumption that the rate limiting step may be 

chemical adsorption, involving valence forces through sharing or exchange of electrons 

between the adsorbent and adsorbate (Ho and MCkay, 2000). The pseudo-second-order 

accounts for adsorption processes that proceeds for surface chemisorption (Ho and MCkay, 

1998): 

 

 22 te
t qqk

dt

dq
                  (2.18) 

Where k is the rate constant of adsorption, (g mg-1 min-1), qe is the amount adsorbed at 

equilibrium, (mg g-1), qt is amount adsorbed on the surface of the adsorbent at any time, t, (mg 

g-1). Eq. (2.18) integrated and rearranged to give Eq. (2.19) below: 

t
qqkq

t

eet

11
2

2

                   (2.19) 

On re-arrangement, the non-linear form of the pseudo-second-order model was obtained: 

tqk

tqk
q

e

e
t

2

2

2

1
                   (2.20) 

Where the initial adsorption rate, h, is given by: 

2

2 eqkh                   (2.21) 

The plot of t/qt versus t should give a linear relationship which allows the computation of a 

second-order rate constant, k2 and qe. 
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2.19.3  Intraparticle diffusion model 

The intraparticle diffusion model is based on the theory proposed by Weber and Morris (1963) 

to determine the mechanism involved in the adsorption process.  The Weber and Morris 

equation is: 

 

𝑞𝑡 =  𝑘𝑖𝑡
0.5 + 𝐶               (2.22) 

 

where ki is the intraparticle diffusion rate constant (mgg-1 min-0.5) and the intercept C, obtained 

by extrapolation of the linear portion of the plot of qt versus t0.5, back to the axis is taken to be 

proportional to the extent of the boundary layer thickness. According to Weber and Morris 

(1963), if the intra-particle diffusion is the rate-limiting step in the adsorption process, the 

graph of qt vs. t0.5 should yield a straight line passing through the origin. 

 

2.19.4 Diffusion chemisorption model 

Sutherland (2004) developed an empirical diffusion chemisorption kinetic model to simulate 

adsorption of heavy metals unto heterogeneous surfaces. Sutherland’s expression is as follows: 

              (2.23) 

where qt (mg/g), the rate of change of concentration of the solid phase is equated as a function 

of the rate of mass transfer from the liquid phase to the adsorption site (KDC (mg/g t0.5) and qe 

(mg/g) is the equilibrium capacity, while t0.5, is the time in min raised to the power of 0.5. 

Therefore, the plot of t0.5/qt versus t0.5 will yield a straight line with slope equal to 1/qe and 

intercept equal to the diffusion-chemisorption constant, KDC.  

2.20 CONCLUSION 

Adsorption using agricultural waste materials, nano-sized adsorbents and natural polymers 

such as polysaccharides and their derivatives have gained significant interest because of their 

particular properties. Literature on these materials have been reviewed. 
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CHAPTER 3 

3 EXPERIMENTAL METHODOLOGY 

3.1 INTRODUCTION 

This chapter is divided into four sections. The first section describes sample collection, 

preparation and characterization. Section two involved the application of the prepared nano 

Fe3O4-pine cone bio-composite in section 1 for chromium(VI) and arsenic(III) adsorption from 

aqueous solution. Section three and four involved the cross-linking of the synthesized nano 

Fe3O4-pine cone bio-composite with cyclodextrin using epichlorohydrin and hexamethylene 

diisocyanate by Response Surface Methodology (RSM), respectively.  

 

3.2 EXPERIMENTAL 

3.2.1 Chemicals and reagents 

Sodium hydroxide (NaOH > 98.5 %) and ammonium hydroxide (NH4OH, 25 %) were supplied 

by Labchem (South Africa). Hydrochloric acid (32 %), Dibutyltin dilaurate (C32H64O4Sn > 96 

%), Hexane (C6H14 > 99 %), 4-nitrophenol (C6H5NO3) and Ferrous sulphate (FeSO4.7H2O > 

98 %) were supplied by Merck. Ferric chloride (FeCl3.6H2O > 99 %), sodium arsenite (NaAsO2 

> 90 %), β-cyclodextrin (β-CD > 97 %), Hexamethylene diisocyanate [(CH2)6(NCO)2 > 99 %], 

Epichlorohydrin (C3H5ClO > 99 %) were purchased from Sigma-Aldrich. Potassium 

dichromate (K2Cr2O7) was purchased from Associated Chemical Enterprises. All syntheses 

were carried out under nitrogen atmosphere with vigorous stirring to ensure uniform 

dispersions. 

 

3.2.2 Collection of pine tree cones 

Pine tree cones were collected from a plantation in Vanderbijlpark, South Africa. The cones 

were washed to remove impurities such as sand and leaves. The washed cones were dried at 90 

oC for 48 hours in the oven. The scales on the cones were removed and crushed by a pulveriser. 

The pine cone powder was then sieved and particles between 90 and 45 µm were collected and 

applied (Ofomaja and Naidoo, 2010).  
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3.2.3 Preparation of pine tree cones 

3.2.3.1 Preparation of NaOH treated pine biomass (NTP) 

A weighed amount of 50 g of pine cone powder was contacted with 500 cm3 of 0.15 mol/dm3 

sodium hydroxide solution and the slurry was stirred for 18 hrs at room temperature. After 18 

hrs of contact, the pine cone powder was allowed to settle, NaOH was decanted and the 

remaining pine cone powder was washed with 500 cm3 of distilled water. The procedure was 

repeated five more times to ensure removal of sodium hydroxide from the pine biomass. The 

residue was then dried overnight at 90 oC.  

3.2.3.2 Preparation of nano-Fe3O4-pine cone bio-composite (NTP-NC) 

Nano-Fe3O4-pine cone bio-composite were obtained from dissolving different mass (2.1:3.1, 

1.05:1.55, 0.55:0.78, 0.27:0.39 and 0.143 g: 0.203 g of FeSO4.7H2O: FeCl3.6H2O ratio in 60 

cm3 of ultrapure water that was previously degassed with nitrogen and heated at 80 oC. An 

amount of 30 cm3 of 20 % ammonium hydroxide and different amounts (1.0, 1.5, 2.0, 2.5, and 

3.0 g) of pine biomass were added. The reaction was carried out for another 30 minutes (min) 

at 60 ºC under constant stirring to ensure the complete growth of the nanoparticle crystals. The 

resulting black particles were washed with ultrapure water followed by ethanol to remove any 

unreacted chemicals, separated by magnetic separation and dried in a vacuum oven at 60 oC 

overnight before use.  

 

3.2.4 Sample characterization 

3.2.4.1 Point of zero charge 

The pH at point zero charge (pHpzc) of the NaOH treated pine cone powder (NTP) and Nano-

Fe3O4-pine cone bio-composite (NTP-NC) were determined by the solid addition method 

(Srivastava et al., 2006). To a series of 100 cm3 conical flasks, 45 cm3 of 0.01 mol dm−3 of 

KNO3 solution was transferred. The pHi values of the solution were roughly adjusted from pH 

2 to 12 by adding either 0.10 mol dm−3 HCl or NaOH on a pH meter. The total volume of the 

solution in each flask was made up to 50 cm3 by adding the KNO3 solution of the same strength. 

The pHi of the solution was accurately noted, and 0.10 g of pine cone powder was added to the 

flask, which was securely capped immediately. The suspensions were then manually shaken 

and allowed to equilibrate for 48 hrs with intermittent manual shaking. The pH values of the 
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supernatant liquids were noted. The difference between the initial and final pH values (pH=pHi 

− pHf) was plotted against the pHi. The point of intersection of the resulting curve at which 

pH= 0 gave the pHpzc. 

 

3.2.4.2 Fourier transform infrared spectroscopy (FTIR) 

 The FTIR spectra of the synthesised Nano-Fe3O4-pine cone bio-composite before and after 

adsorption were recorded on a Fourier Transform Infrared Spectrometer (Perkin-Elmer infrared 

spectrophotometer) to elucidate the functional groups present. 

 

3.2.4.3  X-ray diffraction (XRD) 

The crystallographic structure of the NTP and NTP-NC were analyzed by X-ray diffraction. 

XRD patterns were obtained with an X’Pert PRO X-ray diffractometer (PANalytical, 

PW3040/60 XRD; CuKα anode; λ = 0.154 nm). The samples were gently consolidated in an 

aluminium holder and scanned at 45 kV and 40 mA from 10◦ to 70◦ 2θ, the exposure time for 

each sample was 20 min and a step size of 0.02◦.  

 

3.2.4.4 Scanning electron microscopy (SEM) and EDX analysis 

Scanning electron microscopy (SEM) was used to observe the microstructure and surface 

morphology of NTP and NTP-NC. The SEM images were obtained on a Cerl-Zeiss Sigma 

instrument (Germany) that uses a tungsten filament source. The samples were Pd-Au coated 

and imaging was done at 5 kV. 

 

3.2.4.5 Transmission electron microscopy (TEM) Measurement  

A bright field transmission electron microscopy (TEM) was used for the size measurement and 

size distribution of the adsorbent. 

 

3.2.4.6 Thermogravimetric analysis (TGA) 

To measure the changes in the weight loss of the sample as a function of temperature, 

simultaneous thermal analyser (Perkin Elmer STA 6000) was used. This instrument is capable 
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of obtaining DSC and TGA measurements simultaneously. The NTP and NTP-NC adsorbents 

were weighed into quartz crucibles. Thermal scans were performed from 30 to 700 °C at a 

heating rate of 10 ºC/min and an empty crucible was used as a reference. 

 

3.2.4.7 Brunauer-Emmett-Teller (BET) Method 

The specific surface area of the NTP and NTP-NC adsorbents were measured by BET analyzer. 

The BET surface area and pore size distribution were determined using computer-controlled 

nitrogen gas adsorption analyzer. Degassing was carried out for 1 hr at 90 o C and increased to 

120 o C for 2 hrs. A mass of 0.2 g of the NTP and NTP-NC adsorbent material was applied for 

analysis. 

 

3.2.4.8  X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) analysis was carried out on PHI 5000 scanning ESCA 

microprobe with a 100 μm diameter monochromatic Al Kα x-ray beam (hν = 1486.6 eV) 

generated by a 25 W, 15 kV electron beam to analyze different binding energy peaks. 

Multipack version 9 software was utilized to analyse the spectra to identify the chemical 

compounds and their electronic states using Gaussian–Lorentz fits. 

 

3.2.4.9 Vibrating sample magnetometer  

Magnetic properties of powder samples were characterized with a Quantum Design MPMS-7, 

by measuring the applied field dependence of magnetization between -15 and 15 kOe. 

 

3.2.5  Experimental Procedure for Cr(VI) removal 

3.2.5.1  Processes for Cr(VI) removal 

Batch adsorption experiments for Cr(VI) removal from NaOH treated pine cone (NTP) and 

Nano-Fe3O4-pine cone nanocomposite (NTP-NC) were conducted in order to determine the 

optimum adsorbent dose, solution pH, temperature, solution volume and equilibrium time, to 

generate adsorption equilibrium data and kinetics data. Cr(VI) stock solution was prepared by 

dissolving a weighed amount of K2Cr2O7 in deionized water. 
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3.2.5.2 Effect of initial solution pH  

The effect of initial solution pH of Cr(VI) adsorption was studied in a batch adsorption system 

in which 100 cm3 of 100 mg/dm3 of Cr(VI) were added to six 250 cm3 beakers and the initial 

solution pH varied from 1.0 to 10.0 using 0.1 mol/dm3 of either HCl or NaOH solution. An 

amount of 0.1 g of NTP and NTP-NC nanocomposite were added to each beaker and agitated 

for 2 hrs at room temperature. At the end of agitation, the mixture was centrifuged and filtered. 

The amount of Cr(VI) left in solution after contacting with 1,5-Diphenyl carbazide was then 

determined by Perkin-Elmer (USA) Lambda 25 Ultra Violet-Visible (UV/Vis) spectrometer at 

540 nm. 

 

3.2.5.3 Effect of adsorbent dose  

The effect of adsorbent dose on the equilibrium uptake of Cr(VI)) was investigated by adding 

the NTP and NTP-NC adsorbent masses of 0.05; 0.10; 0.50; 1.0; and 1.5 g to five 250 cm3 

beakers containing 100 cm3 of 100 mg/dm3 solution at pH 3. The flasks were shaken at 145 

rpm and 291 K for 2 hrs and the equilibrium concentration of Cr(VI) remaining was determined 

by UV/Vis spectrophotometry. 

 

3.2.5.4 Effect of initial concentration  

The effect of adsorbent concentration on the equilibrium uptake of Cr(VI) was investigated 

with adsorbent concentrations of 25; 50; 75; 100; 125; and 150 mg/dm3. The experiments were 

performed by adding 0.5 g of NTP and NTP-NC into 250 cm3 beakers containing 100 cm3 of 

Cr(VI) solution at pH 3. The flasks were shaken at 145 rpm and 291 K for 2 hrs and the 

equilibrium concentration of Cr(VI) remaining in solution was determined by UV/Vis 

spectrophotometry. 

 

3.2.5.5 Equilibrium studies 

A volume of 75 cm3 of different Cr(VI) ion solution with concentration ranging from 25 to 150 

mg/dm3 set at pH 2 were placed in 250 cm3 conical flask. Accurately weighed amount (0.5 g) 

of NTP and NTP-NC was then added to the solutions. The conical flasks were then shaken at 

a constant speed of 145 rpm in a shaker at different temperature from (299, 304, 309, 314 and 
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319 K). After shaking the flasks for 2 hrs, the NTP biomaterial was filtered and NTP-NC was 

separated by magnetic separation. The filtrate was then analyzed with UV/Vis 

spectrophotometry to determine the amount of Cr(VI) ions left in solution. 

 

3.2.5.6 Kinetics studies 

Batch contact kinetic experiments were performed by contacting 0.5 g of the adsorbent 

materials with 75 cm3 of Cr(VI) solution of concentrations 25, 75 100, 125 and 150 mg/dm3 in 

five conical flasks agitated at 200 rpm for 2 hrs at different temperatures from (299, 304, 309, 

314 and 319 K) set to pH 3. Aliquots (0.1 cm3) of sample was withdrawn at different interval 

(0.5; 1; 2; 3; 5; 20; 30; 60 and 120 min), filtered and diluted appropriately and analysed for 

Cr(VI) left using UV-Vis spectrophotometry. 

 

3.2.5.7  Effect of ionic strength  

The effect of ionic strength on Cr(VI) adsorption onto NTP and NTP-NC was examined by 

contacting 0.5 g of the adsorbents with 100 cm3 of 100 mg/dm3 Cr(VI) solution containing 

0.01, 0.05, 0.10, 0.15 and 0.20 mg/dm3 of NaNO3. After shaking the flasks for 2 hrs, the 

adsorbents were filtered off or magnetically separated. The filtrate was then analysed for 

Cr(VI) remaining by UV-Vis spectrophotometry. 

 

3.2.5.8 Effect of competing anions 

For the effect of anion competition, 0.5 g of the (NTP and NTP-NC) adsorbents were contacted 

with 100 cm3 of 0.1 mol/dm3 of NaCl, Na2SO4, Na2CO3, NaNO3 and NaHPO4 set at pH 3, 299 

K and shaken for 2 hrs. After shaking the flasks for 2 hrs, the adsorbents were filtered off or 

magnetically separated. The filtrate was then analysed for Cr(VI) remaining by UV-Vis 

spectrophotometry. 

 

3.2.5.9 Desorption studies 

Desorption characteristics of an adsorbent is evaluated by extracting adsorbed metal ions by 

different solvents. Biosorbent residue used in the system of 1.0 g of NTP and NTP-NC in 

contact with 100 cm3 of 200 mg/dm3 of Cr(VI) solution was separated by centrifugation and 
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washed with distilled water. The washed residue solid was then dried overnight and stirred in 

100 cm3 of 0.5 mol/dm3 of each of the desorbing solvents (HCl, NaOH, CH3COOH) and H2O. 

After shaking the flask for 2 hrs at 200 rpm, the NTP and NTP-NC solids were separated by 

filtration and the leached amount of Cr(VI) ions in the filtrate were analyzed by UV-Vis 

spectrophotometry. 

 

3.2.6 Experimental process for As(III) removal 

Batch adsorption experiments for As(III) removal from NaOH treated pine cone (NTP) and 

Nano-Fe3O4-pine cone bio-composite (NTP-NC) were conducted in order to determine the 

optimum adsorbent dose, solution pH, temperature, concentration and equilibrium time, to 

generate adsorption equilibrium data and kinetics data. As(III) stock solution was prepared by 

dissolving a weighed amount of NaAsO2 in deionized water. 

 

3.2.6.1 Effect of initial solution pH  

The effect of initial solution pH of As(III) adsorption was studied in a batch adsorption system 

in which 100 cm3 of 100 mg/dm3 of As(III) were added to six 250 cm3 beakers and the initial 

solution pH varied from 1.0 to 10.0 using 0.1 mol/dm3 of either HCl or NaOH solution. An 

amount of 0.1 g of NTP and NTP-NC biosorbents was added to each beaker and agitated for 2 

hrs at room temperature. At the end of agitation, the mixture was then magnetically separated. 

Concentration of As(III) left in solution was then determined by Inductively Coupled Plasma-

Optical Emission Spectrometry (ICP-OES). About 50 cm3 aliquots were sampled from the 

suspension and passed through an arsenic speciation cartridge (Metalsoft Center, Highland 

Park, NJ) packed with a 2.5 g highly selective absorbent. The cartridge removed all As(V) but 

allowed As(III) to pass through in the pH range 4 to 9. Then, As(III) in the filtered solution 

was also determined using ICP-OES. 

 

3.2.6.2 Effect of adsorbent dose 

The effect of adsorbent dose on the equilibrium uptake of As(III) was investigated by adding 

the NTP and NTP-NC adsorbent masses of 0.05; 0.1; 0.5; 1.0 and 1.5 g to five 250 cm3 beakers 
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containing 100 cm3 of 100 mg/dm3 solution at pH 8. The flasks were shaken at 200 rpm for 2 

hrs and the equilibrium concentration of As(III) remaining was determined ICP-OES. 

 

3.2.6.3 Equilibrium studies  

A volume of 100 cm3 of different As(III) concentrations ranging from 25 to 150 mg/dm3 set at 

pH 8 were placed in 250 cm3 conical flask. Accurately weighed amount (0.5 g) of NTP and 

NTP-NC were then added to the solutions. The conical flasks were then shaken at a constant 

speed of 200 rpm in a shaker at different temperatures from (299, 304, 309, 314 and 319 K). 

After shaking the flasks for 2 hrs, the adsorbents were filtered off or magnetically separated. 

The filtrate was then analysed for As(III) remaining by ICP-OES. 

 

3.2.6.4 Kinetics studies  

Batch contact kinetic experiments were performed by contacting 0.5 g of the adsorbent 

materials with 100 cm3 of As(III) solution of concentrations 25, 75 100, 125 and 150 mg/dm3 

in five conical flasks agitated at 200 rpm for 2 hrs at different temperatures from (299, 304, 

309, 314 and 319 K) set to pH 8. Aliquots (0.1 cm3) of samples were withdrawn at different 

time intervals (0.5; 1; 2; 3; 5; 20; 30; 60 and 120 min), filtered and diluted appropriately. The 

samples were then analysed for As(III) left in solution using ICP-OES. 

3.2.6.5 Effect of ionic strength  

The effect of ionic strength on As(III) adsorption onto NTP and NTP-NC was examined by 

contacting 0.5 g of the adsorbents with 100 cm3 of 100 mg/dm3 As(III) solution containing 

0.01, 0.05, 0.10, 0.15 and 0.20 mg/dm3 of NaNO3. After shaking the flasks for 2 hrs, the 

adsorbents were filtered off or magnetically separated. The filtrate was then analysed for 

As(III) remaining by ICP-OES. 

 

3.2.6.6 Effect of competing anions 

For the effect of anion competition, 0.5 g of the adsorbents (NTP and NTP-NC) were contacted 

with 100 cm3 of 0.1 mol/dm3 of NaCl, Na2SO4, Na2CO3, NaNO3 and NaHPO4 set at pH 8 and 
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shaken for 2 hrs. After shaking the flasks for 2 hrs, the adsorbents were filtered off or 

magnetically separated. The filtrate was then analysed for As(III) remaining by ICP-OES. 

 

3.2.6.7  As(III)/ 3NO
exchange on

3NO -loaded NTP and NTP-NC 

NTP and NTP-NC (5.0 g) were dispersed in 100 mg/dm3 NaNO3 solution and stirred at 200 

rpm for 5 hrs at pH 5 at 299 K. After 5 hrs of stirring, the solid was washed to remove excess 

NaNO3 and dried overnight at 363 K. An amount of 0.5 g of the 3NO
-loaded adsorbent was 

added to 100 cm3 solutions of 0, 5, 25, 50 and 100 mg/dm3 As(III) solutions set at pH 8 and 

stirred at 200 rpm 299 K. The amounts of 3NO
ions released in solution and As(III) remaining 

were determined using an Ion selective electrode and ICP-OES, respectively. 

 

3.2.6.8 Desorption and reuse 

Desorption characteristics of an adsorbent can be evaluated by extracting adsorbed metal ions 

by different solvents. Adsorbent residue used in the system of 0.5 g of NTP and NTP-NC in 

contact with 100 cm3 of 100 mg/dm3 of As(III) solution was separated by centrifugation and 

washed with distilled water. The washed residue solid was then dried overnight and stirred in 

100 cm3 of 0.5 mg/dm3 of each of the desorbing solvents (HCl, NaOH and H2O). After shaking 

the flask for 2 hrs at 200 rpm, adsorbent solids were separated by filtration and the leached 

amount of As(III) in the filtrate were analysed by ICP-OES. 

 

3.2.7 Cross linking of cyclodextrin with nano-Fe3O4-pine cone bio-composite (NTP-NC) 

using epichlorohydrin as a cross linking agent 

3.2.7.1 Synthesis of carboxymethyl-cyclodextrin-epichlorohydrin (CM-CD-EPI) polymer 

CM-CD polymer was prepared following the procedure of literature (Fernández et al., 2004). 

β-Cyclodextrin (5 g) was dissolved in 50 cm3 of 10% (w/v) NaOH and 10 ml of epichlorohydrin 

was added. The system was vigorously stirred for 8 hrs, excess 5 ml of epichlorohydrin was 

added with stirring and the mixture kept overnight at room temperature. The solution was 

concentrated to about 15 cm3 and precipitated by addition of cold ethanol (500 cm3). The 

gummy precipitate was crushed several times with ethanol until a fine precipitate was obtained. 
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The precipitate was then washed again with ethanol and acetone and dried overnight at 60 oC 

in a high vacuum oven. 

 

Two grams of the above polymer was further dissolved in 50 cm3 5% (w/v) NaOH and 2 g of 

monochloroacetic acid was added. The system was vigorously stirred for 24 h, neutralized with 

2 mol/dm3 HCl, concentrated to about 15 cm3 and cooled to 4 oC. The precipitated NaCl was 

filtered off and the supernatant was precipitated by addition of cold ethanol (500 cm3). The 

gummy precipitate was crushed several times with ethanol in a mortar until a fine precipitate 

was obtained. The precipitate was then washed two more times with ethanol and acetone and 

dried under high vacuum at 60 oC overnight. 

 

3.2.7.2 Response surface methodology for the synthesized CM-CD-EPI polymer with 

magnetite-pine cone bio-composite (NTP-NC) 

A reduced central composite design (CCD) was used in the experimental procedure to 

investigate the effects of NTP-NC dose (0.5-2.0 g), CM-CD-EPI dosage (0.5–2.0 g), reaction 

time (3-24 hrs) and reaction temperature (30-90 oC) on the crosslinking of CM-CD onto NTP-

NC biosorbent. The full model equation with quadratic terms for predicting the optical response 

was given as independent variables and their coded levels for the quadratic model design in 

Table 3.1. Design Expert Version 6.0.6 (Stat-Ease, USA) was used to optimize the levels of 

the independent variables and to evaluate the interactions of the process parameters. 

 

NTPNC-EPI-CD nanocomposite was synthesized by one step method where the known 

amount of NTP-NC and a known amount of CM-CD-EPI polymer were dissolved in 40 cm3 of 

ultrapure water with vigorous stirring at a speed of 1200 rpm. The reaction was heated for 1 hr 

at 90 oC under constant stirring and an inert environment. The resulting nanoparticles were 

washed with ultrapure water several times to remove any unreacted chemicals and dried in a 

vacuum oven overnight. 
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Table 3.1: Design model for the cross linking of the synthesized CM-CD-EPI polymer with 

nano-Fe3O4-pine cone bio-composite (NTP-NC) 

Factor  Name  Units  Type  Low 

actual 

High 

actual 

Low 

coded 

High 

coded 

A NTP-NC 

mass 

g Numeric  0.50 2.00 -1.000 1.000 

B CM-CD-

EPI mass 

g Numeric  0.50 2.00 -1.000 1.000 

C Temp  ͦ C Numeric  30.00 90.00 -1.000 1.000 

D Time  hours Numeric  3.00 24.00 -1.000 1.00 

 

3.2.8 Cross linking of cyclodextrin with Fe3O4-pine cone bio-composite (NTP-NC) using 

hexamethylene diisocyanate as a crosslinking agent 

NTP-NC (0.1 g) and cyclodextrin (0.1g) were dispersed in anhydrous hexane (10 cm3), in 

which dibutyltin dilaurate (1 cm3) was added as catalyst in a 250 cm3 three-necked round-

bottomed flask with a magnetic stirrer and an inlet for N2 gas. The mixture was heated in a 

reflux set up at 50 °C for 15 min to complete the process of activation. A separate volume of 

HMDI (2.5 cm3) was dissolved in anhydrous hexane (10 cm3) and added drop wise to the 

activated pine cone biomass. The mixture was heated under reflux in a nitrogen atmosphere for 

1 hr with continuous stirring. The HMDI cross-linked NTP-NC-CD produced was rinsed with 

fresh hexane several times, followed by drying in a vacuum oven at 60 °C for 8 hrs. A reduced 

central composite design (CCD) was used in the experimental procedure to investigate the 

effects of CD mass (0.05-0.15 g), dibutyltin dilaurate volume (0.5–1.5 cm3), hexamethylene 

diisocyanate volume (2-3 cm3) and reaction temperature (40-60 oC) on the crosslinking of CD 

onto NTP-NC biosorbent using hexamethylene diisocyanate. 

 

 

 

 

 

 

 



70 
 

Table 3.2: Design model for the cross linking of the CD polymer with nano-Fe3O4-pine cone 

bio-composite (NTP-NC) using hexamethylene diisocyanate 

Factor       Name       Units Type Low 

Actual 

High 

Actual 

Low 

Coded 

High 

Coded 

A A 

DBTDL 

volume 

cm3 Numeric 0.50 1.50 -1.000 1.000 

 

B CD mass

  

g Numeric 0.05 0.15  1000 1000 

C temp oC Numeric 40.00 60.00 -1.000 1.000 

D HMDI 

volume 

cm3 Numeric 2.00 3.00 -1.000 1.000 

 

3.2.9 Characterization of the NTP-NC crosslinked to CD by epichlorohydrin (NTPNC-

EPI-CD) and hexamethylene diisocyanate (NTP-NC-CD-HMDI)  

 

3.2.9.1 Fourier Transform Infrared spectroscopy (FTIR) 

The FTIR spectra of the synthesised NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposite 

were recorded on a Fourier Transform Infrared Spectrometer (Perkin-Elmer infrared 

spectrophotometer) to confirm crosslinking of magnetite coated pine onto cyclodextrin. 

 

3.2.9.2 X-ray Diffraction (XRD) 

The structural properties and crystallographic structure of the NTPNC-EPI-CD and NTPNC-

HMDI-CD nanocomposites were analyzed by X-ray diffraction. XRD patterns were obtained 

with an X’Pert PRO X-ray diffractometer (PANalytical, PW3040/60 XRD; CuKα anode; λ = 

0.154 nm). The samples were gently consolidated in an aluminium holder and scanned at 45 

kV and 40 mA from 10◦ to 70◦ 2θ, the exposure time for each sample was 20 min and a step 

size of 0.02◦.  

 

3.2.9.3 Thermogravimetric Analysis (TGA) 

To measure the changes in the weight loss of the NTPNC-EPI-CD and NTPNC-HMDI-CD 

nanocomposites as a function of temperature, simultaneous thermal analyser (Perkin Elmer 

STA 6000) was used. This instrument can obtain DSC and TGA measurements simultaneously. 
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The biosorbent were weighed into quartz crucibles. Thermal scans performed from 30 to 700 

°C at a heating rate of 10 ºC/min. An empty crucible was used as a reference.   

 

3.2.9.4 Brunauer-Emmett-Teller (BET) Method 

The specific surface area of NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites were 

measured by BET analyzer. The BET surface area and pore size distribution were determined 

using computer-controlled nitrogen gas adsorption analyzer. Degassing was carried out for 1 

hr at 90 oC and increased to 120 oC for 2 hrs. A mass of 0.2 g of the adsorbent material was 

applied for analysis. 

 

3.2.9.5 Vibrating Sample Magnetometer (VSM) 

Magnetic properties of the NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites were 

characterized with a Quantum Design MPMS-7, by measuring the applied field dependence of 

magnetization between -15 and 15 kOe. 

 

3.2.9.6 Point of zero charge 

The pH at point zero charge (pHpzc) of the NTPNC-EPI-CD and NTPNC-HMDI-CD were 

determined by the solid addition method (Srivastava et al., 2006). To a series of 100 cm3 conical 

flasks, 45 cm3 of 0.01 mol dm−3 of KNO3 solution was transferred. The pHi values of the 

solution were roughly adjusted from pH 2 to 12 by adding either 0.10 mol dm−3 HCl or NaOH 

on a pH meter. The total volume of the solution in each flask was made up to 50 cm3 by adding 

the KNO3 solution of the same strength. The pHi of the solution was accurately noted, and 0.10 

g of the nanocomposite was added to the flask, which was securely capped immediately. The 

suspensions were then manually shaken and allowed to equilibrate for 48 hrs with intermittent 

manual shaking. The pH values of the supernatant liquids were noted. The difference between 

the initial and final pH values (pH=pHi − pHf) was plotted against the pHi. The point of 

intersection of the resulting curve at which pH= 0 gave the pHpzc. 
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3.2.9.7 Transmission Electron Microscopy (TEM) Measurement  

A bright field transmission electron microscopy (TEM) was used for the size measurement and 

size distribution of the adsorbent. 

 

3.2.10 Experimental process for 4-nitrophenol removal by NTPNC, NTPNC-EPI-CD, 

NTPNC-HMDI-CD nanocomposite 

Batch adsorption experiments for 4-Nitrophenol using NTP-NC, NTPNC-EPI-CD and 

NTPNC-HMDI-CD nanocomposites were conducted to determine the optimum adsorbent 

dose, solution pH, temperature, adsorbent concentration and equilibrium time, to generate 

adsorption equilibrium data and kinetics data. 

 

3.2.10.1 Effect of initial solution pH  

The effect of initial solution pH on the 4-Nitrophenol (4-NP) adsorption was studied in a batch 

adsorption system in which 100 cm3 of 100 mg/dm3 of 4-NP was added to six 250 cm3 beakers 

and the initial solution pH varied from 1.0 to 10.0 using 0.1 mol/dm3 of either HCl or NaOH 

solution. An amount of 0.1 g of NTP-NC, NTPNC-EPI-CD and NTPNC-HMDI-CD 

nanocomposite adsorbents was added to each beaker and agitated for 2 hrs at room temperature. 

The samples were then filtered and analysed using a (UV/Vis) spectrometer to determine the 

amounts of 4-Nitrophenol left in the solution at 460 nm. 

 

3.2.10.2 Effect of adsorbent dose  

The effect of biosorbent dose on the equilibrium uptake of 4-NP was investigated by adding 

the NTP-NC, NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposite biosorbents masses of 

0.05; 0.10; 0.50; 1.0; and 1.5 g to five 250 cm3 beakers containing 100 cm3 of 100 mg/dm3 

solution at pH 3 and pH 7 for NTPNC-HMDI-CD. The flasks were shaken at 145 rpm and 291 

K for 2 hrs and the equilibrium concentration of 4-NP remaining was determined by UV/Vis 

spectrophotometry. 
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3.2.10.3 Effect of initial concentration  

The effect of adsorbent concentration on the equilibrium uptake of 4-Nitrophenol was 

investigated with adsorbent concentrations of 25; 50; 75; 100; 125; and 150 mg/dm3. The 

experiments were performed by adding 0.1 g of NTP-NC, NTPNC-EPI-CD and NTPNC-

HMDI-CD nanocomposite biosorbents to 250 cm3 beakers containing 100 cm3 of 4-NP 

solution at pH 3 for NTPNC and NTPNC-EPI-CD and pH 7 for NTPNC-HMDI-CD 

nanocomposite. The flasks were shaken at 145 rpm and 299 K for 2 hrs and the equilibrium 

concentration of 4-NP remaining in solution was determined by UV/Vis spectrophotometry. 

 

3.2.10.4 Equilibrium studies 

A volume of 100 cm3 of different 4-NP ion solutions with concentration ranging from 25 to 

150 mg/dm3 set at pH 3 and pH 7 were placed in 250 cm3 conical flask. Accurately weighed 

amount (0.1 g) of NTP-NC, NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites were 

then added to the solutions. The conical flask was then shaken at a constant speed of 145 rpm 

in a shaker at different temperature (299, 304, 309, 314 and 319 K). After shaking the flasks 

for 2 hrs, the biomaterials were filtered and separated by magnetic separation. The filtrate was 

then analyzed for the 4-NP ions remaining by UV/Vis spectrophotometer. 

 

3.2.10.5 Kinetics studies 

Batch contact kinetic experiments were performed by contacting 0.1 g of the NTP-NC, 

NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposite adsorbent materials with 100 cm3 of 

4-NP solution of concentrations 25, 75 100, 125 and 150 mg/dm3 in five conical flasks agitated 

at 200 rpm for 2 hrs at different temperature (299, 304, 309, 314 and 319 K). Aliquot (0.1 cm3) 

of sample was withdrawn at different interval (0.5; 1; 2; 3; 5; 20; 30; 60 and 120 min), filtered 

and diluted appropriately and analysed for the amount of 4-NP left in solution using UV-Vis 

spectrophotometer. 

 

3.2.10.6 Desorption studies 

Adsorbent residue used in the system of 1.0 g of NTP-NC, NTPNC-EPI-CD and NTPNC-

HMDI-CD in contact with 100 cm3 of 200 mg/dm3 of 4-NP solution was separated by 
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centrifugation and washed with distilled water. The washed residue solid was then dried 

overnight and stirred in 100 cm3 of ethanol. After shaking the flask for 2 hrs at 200 rpm, the 

solids were separated by filtration and the leached amount of 4-Nitrophenol in the filtrate were 

analyzed by UV-Vis spectrophotometry. 

 

3.2.10.7 Effect of ionic strength  

The effect of ionic strength on 4-NP adsorption onto NTP-NC, NTPNC-EPI-CD and NTPNC-

HMDI-CD nanocomposites was examined by contacting 0.1 g of the adsorbents with 100 cm3 

of 100 mg/dm3 4-NP solution containing 0.01, 0.05, 0.10, 0.15 and 0.20 mg/dm3 of NaNO3. 

After shaking the flasks for 2 hrs, the adsorbents were filtered off or magnetically separated. 

The filtrate was then analysed for 4-NP remaining by UV-Vis spectrophotometry. 

 

3.2.10.8 Effect of competing anions 

For the effect of anion competition, 0.1 g of the NTP-NC, NTPNC-EPI-CD and NTPNC-

HMDI-CD nanocomposites were contacted with 100 cm3 of 0.1 mol/dm3 of NaCl, Na2SO4, 

Na2CO3, NaNO3 and NaHPO4 set at pH 8 and shaken for 2 hrs. After shaking the flasks for 2 

hrs, the adsorbents were filtered off or magnetically separated. The filtrate was then analysed 

for 4-nitrophenol remaining by UV-Vis spectrophotometry. 
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CHAPTER 4 

4 RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

This chapter covers the optimization and characterization of the magnetite bio-composite 

(NTP-NC). The first part covers optimization of the working parameters for the synthesis of 

the magnetite bio-composite material by co-precipitation method, such as the amount of the 

Fe2+: Fe3+ mass ratio and the biomaterial (pine cone powder) mass. The optimum reaction 

conditions of the magnetite bio-composite produced was monitored using FTIR to elucidate 

functional groups present on magnetite and pine biomass, XRD for the crystalline structure, 

particle size and morphology using TEM and magnetic property using VSM instrument. 

Further characterization of the optimum magnetite bio-composite material was conducted 

using different analytical tools such as SEM-EDX, BET surface area, XPS and pHpzc are 

reported in the second part.  

 

4.2 OPTIMIZATION AND CHARACTERIZATION OF MAGNETITE 

BIOCOMPOSITE 

4.2.1 Optimization of working conditions 

Magnetic nanoparticles are considered for pollutants removal due to their unique properties 

such as strong magnetism, small particle size, chemical stability, good biocompatibility, high 

surface area, resulting in high adsorption capacity. Chemical “co-precipitation” is the most 

common method for magnetite synthesis, yielding small size particles that are spherical in 

shape. The method includes: (1) Co-precipitation of Fe2+ and Fe3+, (2) Partial reduction of Fe3+, 

(3) Partial oxidation of Fe2+ and co precipitation. of Fe3+ and Fe2+ at molar ratio of 2:1 in the 

presence of a base under inert environment. Magnetite synthesis is highly sensitive as 

magnetite is susceptible to air oxidation and can easily agglomerate, hence surface modification 

is one crucial step for their application as adsorbents. NaOH treated pine cone, a low-cost 

agricultural waste material was used as a coating agent with the aim of preventing magnetite 

aggregation, enhance stability and improve surface properties by adding significant amount of 

low cost material without compromising the adsorbent surface. Because magnetite properties 

strongly depend on their dimension, shape, saturation magnetization and mono dispersion, 
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different analytical tools were conducted to determine the effect of varying pine cone mass and 

Fe2+: Fe3+ mass ratio on magnetite coated pine cone synthesis.  

 

4.2.2 Effect of Fe(II)/Fe(III) mass ratio on magnetite bio-composite synthesis. 

The effect of Fe(II)/Fe(III) mass ratio on the synthesis of NTP-NC by co-precipitation method 

was conducted by varying Fe2+: Fe3+ (2.1:3.1, 1.05:1.55, 0.55:0.78, 0.27:0.39, and 0.14:0.2) 

mass ratio, using 1.0 g of pine cone at 60 oC for 30 min under inert environment. 

 

4.2.2.1  Fourier Transformed Infra-Red (FTIR) 

To examine the effect of varying Fe2+: Fe3+ (2.1:3.1, 1.05:1.55, 0.55:0.78, 0.27:0.39, and 

0.14:0.2) mass ratio on NTP-NC bio-composite functional groups, FTIR analysis was 

conducted and the results are reported in Fig. 4.1. From Fig. 4.1, all spectra show relevant 

bands at 3307, 2888, 1591 cm-1 characteristics of O-H stretching vibration, symmetric C-H 

band and C-O vibration, respectively (Acisli et al., 2017, Subramanian et al., 2005). Magnetite 

was observed by the strong Fe-O stretching vibration at 548 cm-1(Chen et al., 2009). While the 

C-O-C peak was observed at 1052 cm-1 for all samples. The sample with mass ratio of 2.1:3.1 

and 1.05:1.55 g of Fe2+: Fe3+ were observed to have a broad peak between 1022-1052 cm-1 

which may be due to the C-O-C and Fe-OH present in the bio-composite. The peak was 

observed to sharpen and increase in intensity with the reduction in Fe(II)/Fe(III) mass ratio 

from 2.1:3.1 g to 0.143:0.203 g of Fe2+: Fe3+ mass ratio indicating the increase in the C-O-C 

groups from the excess pine cone present in the material. The increase in this group was 

confirmed by the increase and sharpening of the C-O group at 1591cm-1. The Fe-O peak at 548 

cm-1 on the other hand was observed to increase slightly with a reduction in Fe2+: Fe3+ mass 

ratio from 2.1:3.1 to 0.27:0.391, and reduce as Fe2+: Fe3+ mass ratio was further reduced to 

0.143:0.203 g. 
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Figure 4.1: FTIR spectra of the effect of Fe2+/Fe3+ mass ratio on the synthesis of 

magnetite bio-composite. 

4.2.2.2 Thermal gravimetric analysis (TGA) 

In an attempt to study the effect of Fe2+: Fe3+ mass ratio (2.1:3.1, 1.05:1.55, 0.55:0.78, 

0.27:0.39, and 0.14:0.2) on thermal stability of the NTP-NC bio-composite, TGA 

measurements were conducted from room temperature to 700 oC under nitrogen environment. 

Three stages of weight loss were observed for all samples. The initial weight loss can be 

observed at temperature below 100 oC which is attributed to the loss of adsorbed water and 

water molecules that may have been trapped in the adsorbent matrix (Simões dos Reis et al., 

2016). The second step of weight loss is observed in the temperature range of 260 to 400 °C 

due to the decomposition of cellulose and hemicellulose (Subhedar et al., 2018). The third 

weight loss was observed at 680-700 °C which is due to the phase transition from Fe3O4 to FeO 

(Mahdavi et al., 2013). The 2.1:3.1 g (Fe2+: Fe3+) sample was observed to be more stable than 

other samples, and the stability was shown to reduce with reduction in Fe2+: Fe3+ mass ratio. 

This may be due to the small amount of iron present in the sample as the Fe2+: Fe3+ mass ratio 

reduces and the larger amount of pine cone which dominated the sample. 
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Figure 4.2: TGA curves of different Fe2+: Fe3+ mass ratio on the synthesis of NTP-NC bio-

composite 

 

4.2.2.3 Vibrating Scanning Magnetometer (VSM) 

The magnetic property of the synthesized NTP-NC bio-composite with different mass of Fe2+: 

Fe3+ were investigated by VSM analysis at room temperature. All the samples have similar 

magnetization curve, therefore only the (2.1:3.1) Fe2+: Fe3+ sample is presented. The saturation 

magnetization of the NTP-NC bio-composite was observed to be 37.50 emu/g with coercivity 

value of 11.29 indicating superparamagnetic behavior (Lida et al., 2007). 



79 
 

-15000 -10000 -5000 0 5000 10000 15000

-40

-30

-20

-10

0

10

20

30

40

M
a
g

n
e

ti
z
a
ti
o

n
 (

e
m

u
/g

)

Applied Magnetic Field, H (Oe)

 NTP-NC

 

Figure 4.3: Magnetization curve of the magnetite bio-composite. 

 

4.2.2.4 X-Ray Diffraction (XRD) 

XRD patterns of 2:1 molar ratios of Fe2+: Fe3+ with different mass of Fe(II)/Fe(III) was 

conducted to determine the effect of varying the mass of Fe2+: Fe3+ while keeping pine cone 

mass constant on crystallinity of NTP-NC bio-composite. The XRD pattern of Fe2+: Fe3+ 

(2.1:3.1, 1.05:1.55, 0.55:0.78, 0.27:0.39, and 0.14:0.2) mass where plotted against magnetite 

peak in Fig.4.4a and maghemite peak in Fig.4.4b. From the Fig, all XRD patterns depicts iron 

oxide phases with five characteristic peaks at 30.09°, 35.42°, 43.05°, 56.94° and 62.51° 

corresponding to (220), (311), (400), (511) and (440) of magnetite crystalline structure (JCPDS 

Card no. 19-0629). The crystalline structure of cellulose I peak at 2 theta 22.84° due to the 

presence of pine cone was observed to appear as the mass of Fe2+: Fe3+ reduces from 0.55:0.78 

and became visible at 0.14:0.2 mass ratio (Rehan et al., 2018). Generally, maghemite and 

magnetite have similar crystal structure and lattice spacing, hence it is not easy to distinguish 

their XRD pattern. The sample prepared by weighing 2.1:3.1 mass of Fe2+: Fe3+ was observed 

to match magnetite peak than all other samples which showed slight shift from all magnetite 

peaks. However, these samples (of mass ratio of 1.05:1.55, 0.55:0.78, 0.27:0.39, and 0.14:0.2) 

were observed to match the maghemite peak well indicating that the prepared sample may be 

a combination of magnetite and maghemite. The 2.1:3.1 mass ratio of Fe2+: Fe3+ sample was 

found to have a slight shift when compared to the maghemite peak. 
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Figure 4.4: XRD pattern of NTP-NC bio-composite of 2:1 molar ratio of different mass of Fe2+: Fe3+ with (A) magnetite peak shown by solid 

bars (B) with maghemite peak shown by solid bars.  
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4.2.2.5 Transmission Electron Microscopy (TEM) 

TEM analysis was performed to study the effect of varying Fe2+: Fe3+ mass ratio (2.1:3.1, 

1.05:1.55, 0.55:0.78, 0.27:0.39, and 0.14:0.2) of 2:1 molar ratio on the morphology and 

particle size of the NTP-NC bio-composite. The TEM micrograph and histograms of the 

size distribution are given in Fig 4.5 (A-E) and Fig 4.6 (A-E), respectively. From Fig 4.5, 

the surface morphology of NTP-NC bio-composite of 2.1:3.1 g mass ratio of Fe2+: Fe3+ was 

seen to have spherical uniform morphology with a slight agglomeration which may be due 

to the magnetic interaction of nanoparticles. On reducing the mass of Fe2+: Fe3+ to 1.05:1.55 

g and 0.55:0.78 g in Fig 4.5 B and C, respectively, particle size agglomeration increased 

with large uniform particles forming. On further reducing the mass of Fe2+: Fe3+ to 

0.27:0.39 (Fig. 4.5 D) and 0.143:0.203 g (Fig 4.5 E), well dispersed larger spherical 

particles were observed. The histogram of the sample synthesized by 2.1:3.1 g of Fe2+: Fe3+ 

in Fig 4.6 a display a relatively narrow particle size distribution between 6-14 nm with an 

average particle size of 10.04 nm. Reduction in Fe2+: Fe3+ mass from 1.05:1.55g to 0.14:0.2 

g resulted in broadening of particle size distribution leading to an increase in nanoparticle 

size from 10.49 to 12.68 nm.  
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Figure 4.5: TEM images of NTP-NC bio-composite of different mass rations (A) 2.1:3.1, (B) 1.05:1.55, (C) 0.55:0.78, (D) 0.27:0.39, and (E) 

0.14:0.2 of 2:1 molar ratio of Fe2+: Fe3+ 
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Figure 4.6: Size distribution of NTP-NC bio-composite of different mass ratio (A) 2.1:3.1, (B) 1.05:1.55, (C) 0.55:0.78, (D) 0.27:0.39, and (E) 

0.14:0.2 of 2:1 molar ratio of Fe2+: Fe3+ 
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4.2.3 Effect of pine mass on magnetite bio-composite synthesis 

4.2.3.1 Transmission Electron Microscopy (TEM) 

To improve magnetite agglomeration and examine the difference in particle size among 

NTP-NC samples synthesized by different pine cone mass, TEM analysis was conducted. 

Figs.4.7 A to F. show the TEM images of bare magnetite (MNP) and MNP immobilized 

on different pine cone (NTP) masses from 1.0 to 3.0 g. TEM of bare MNP Fig.4.7 A reveals 

the particles are spherical and slightly agglomerated. The TEM micrograph of MNP on 1.0 

g NTP is shown in Fig.4.7 B, the micrograph shows that the magnetite nanoparticles are 

spherical in shape and are closely packed on the surface of the biomass support. As the 

mass of pine cone was increased to 1.5 g (Fig.4.7 C), the spherical magnetite particles 

became better dispersed on the NTP support. As the mass of NTP was increased from 2.0 

to 2.5 and 3.0 g, agglomeration of magnetite nanoparticles increased and the NTP particles 

became visible in the TEM micrograph appearing as a separate phase (Fig.4.7 D to F).  

 

 

Figure 4.7: TEM images of (A) MNP, (B) MNP immobilized on 1.0 g PCP, (C) MNP 

immobilized on 1.5 g PCP, (D) MNP immobilized on 2.0 g PCP, (E) MNP immobilized 

on 2.5 g PCP, and (F) MNP immobilized on 3.0 g PCP. 

  



85 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Size distribution of NTP-NC bio-composite for different pine cone mass.
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The effect of the increased interaction between pine cone and the nanoparticles led to the 

smaller particle size (1.0 g pine: 9.03 nm and 1.5 g pine: 8.23 nm) and narrow size 

distribution in the 1.5 g samples as compared to the 1.0 g sample shown in Fig 4.8. The 

increase in mass of pine to 2.0, 2.5 and 3.0 g was observed to broaden the particle size 

distribution and increased the nanoparticle sizes from 10.77, 11.19 to 11.18 nm, 

respectively. 

 

4.2.3.2 Fourier Transformed Infra-Red (FTIR) analysis 

FTIR analysis of magnetite bio-composite (NTP-NC) with different pine cone masses were 

conducted to determine the effect of increasing pine mass on the functional groups present 

in the material, and the results are shown in Fig. 4.9. The spectra in Fig. 4.9 show peaks 

related to both NTP and NTP-NC. The spectra show similarity in the peaks for all samples 

but with variation in intensities of some peaks. Peaks at 3338 and 2881 cm-1 are typical of 

hydrogen bond stretching of α-cellulose and -CH3, -CH2-, groups cellulose (Santra and 

Sarkar, 2016). Peaks at 1633, 1598, and 1052 cm-1 on the spectra can be attributed to C=O, 

C-O, C-O-C in lignin (Gupta and Nayak, 2012a). On the other hand, magnetite can be seen 

at FTIR peaks of 1027, 548 and 477 cm-1 attributed to Fe-O and Fe-OH groups (Reza and 

Ahmaruzzaman, 2015a).  

 

On comparing the FTIR spectra of different NTP mass, it was observed that the major 

differences were in the peaks at 1052, 1027, 548 and 477 cm-1. It was observed that with 

1.0 and 1.5 g of pine, the peaks at 1052 and 1027 cm-1 attributed to C-O-C of lignin and 

Fe-O of magnetite were sharp and distinct. The difference between both peaks were the 

low intensity of the 1.5 g peak as compared to the 1.0 g of pine. It is known that iron oxides 

magnetic particles interact with oxygenated functional groups of biomaterials (Barbu et al., 

2010). Therefore, an increase in the pine content increased the interaction between 

functional groups of pine cone and magnetite which resulted in the appearance of the C-O-

C and Fe-O peaks and the Fe-OH peak at 477 cm-1 in the FTIR spectrum. As the pine mass 

was increased to 2.0 g and above, the peaks at 1027 and 1052 cm-1 became broadened and 

both peaks merged at 1052 cm-1 while the peaks at 548 and 477 cm-1 reduce in intensity. 
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Figure 4.9: FTIR spectra of NTP-NC on the effect of pine mass 
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4.2.3.3 Thermal Gravimetric Analysis (TGA) 

The TGA thermogram of magnetite immobilized on different masses of pine cone are 

shown in Fig. 4.10. The thermogram showing the decomposition of NTP-NC with different 

pine cone content perform in the temperature range of 26 to 700 °C. The results revealed 

that the degradation pattern for all samples were similar and some samples were more stable 

than others. The first region of weight loss of about 1.2, 1.9, 2.4, 2.7 and 3.1 % was 

observed between 26 and 100 °C for 1.0, 1.5, 2.0, 2.5 and 3.0 g of pine cone, respectively, 

which was attributed to loss of physical or chemical adsorbed water (Daneshfozoun et al., 

2017). A second rapid weight loss in the temperature range of 260 to 400 °C indicating the 

decomposition of cellulose and hemicellulose was also observed (Subhedar et al., 2018). 

The percentage decomposition in the temperature range where 30.5, 27.6, 39.0, 41.1 and 

42.3 % for magnetite immobilized on 1.0, 1.5, 2.0, 2.5 and 3.0 g of pine cone respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: TGA analysis of the effect of pine mass on the magnetite bio-composite 

synthesis 
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sample. The reason for this observation is attributed to the interaction between magnetite 

and pine cone. The 1.5 g pine cone sample gave a smaller size range and particle size as 

compared to other samples and therefore is expected to have better interaction. 

 

4.2.3.4 Vibrating Scanning Magnetometer (VSM) 

The NTP-NC composites produced were then tested for their magnetic properties using 

VSM analysis. The magnetic response of NTP-NC with various masses of pine (1.0, 1.5, 

2.0, 2.5 and 3.0 g) were performed by measuring the applied field dependence of 

magnetization cycled between -15 and 15 kOe at room temperature. The values of 

saturation magnetization and coercivity read from the magnetization curve in Fig.4.4 are 

tabulated in table 4.1 below. The results show saturation magnetization of 34.34 for 1.0 g 

of pine cone and increased to 37.50 emu/g as pine cone mass increases to 1.5 g. As the NTP 

mass was increased above 1.5 g, there was a reduction in saturation magnetization down to 

17.15 emu/g at NTP mass of 3.0 g. On the other hand, the coercivity was observed to 

decrease with decreasing particle size. The coercivity values reduced from 11.82 to 11.29 

as mass of pine increased from 1.0 to 1.5 g and increase above 1.5 g. Immobilization of 

NTP-NC onto NTP was observed to reduce the saturation magnetism of magnetite. The 

increase in saturation magnetism reached its optimum value with 1.5 g of pine.  
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Figure 4.11: Magnetization curve of the effect of pine mass on the synthesis of magnetite 

bio-composite at room temperature. 
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Table 4.1: Adsorption capacities, Saturation magnetization and coercivity and particle 

size on the effect of pine cone mass on NTP-NC bio-composite synthesis. 

Sample Cr(VI) 

Adsorption 

Capacity 

(mg/g) 

As(III) 

Adsorption 

Capacity 

(mg/g) 

Saturation 

magnetization 

(emu/g) 

Coercivity 

(G) 

Particle 

size (nm) 

MNP on 1.0 g PCP 38.2 8.33 34.24 11.82 9.03 

MNP on 1.5 g PCP 38.7 13.86 37.50 11.29 8.23 

MNP on 2.0 g PCP 34.0 10.48 28.76 12.72 10.77 

MNP on 2.5 g PCP 32.3 8.54 23.75 12.98 11.19 

MNP on 3.0 g PCP 32.0 8.48 17.15 13.16 11.18 

 

4.2.3.5 As(III) and Cr(VI) adsorption studies  

Finally, the NTP-NC composites produced were tested for their ability to remove As(III) 

and Cr(VI) from aqueous solution. It was observed that the As(III) capacity of the sample 

with 1.0 g pine was 8.33 mg/g while Cr(VI) capacity was 38.2 mg/g. As the mass of pine 

cone in the composite was increased to 1.5 g, As(III) and Cr(VI) adsorption reached 

maximum values at 13.86 mg/g and 38.7 mg/g, respectively. Further increase in pine mass 

led to reduction in As(III) capacity to 8.48 mg/g and Cr(VI) capacity to 32.0 mg/g when 

3.0 g of pine cone was added. The results of these experiments suggest that both Cr(VI) 

and As(III) adsorption capacity can be related to the particle size of the nano-biocomposite 

produced. The smaller the sizes of the particles, the higher the surface available for 

adsorption and the higher the charge density of the adsorbent material. Shen et al. (Shen et 

al., 2009a) also observed an increase in the amounts of Ni(II), Cu(II), Cd(II) and Cr(VI) 

adsorbed with decreasing particles size of Fe3O4 nanoparticles produced.  
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4.3 FURTHER CHARACTERIZATION OF THE OPTIMUM NANO-BIO 

COMPOSITE MATERIAL 

4.3.1 Scanning Electron Microscopy- Energy Dispersive X-ray spectroscopy (SEM-

EDX)  

Scanning electron microscopy has been a primary tool for characterizing the surface 

morphology and fundamental physical properties of the adsorbent surface. The surface 

morphology of the NTP and NTP-NC samples are shown in Figs.4.12 A and B. From 

Fig.4.12 A, pine cone surface can be seen to be rough with considerable number of large 

pores which provide access and large surface area for adsorption of pollutants. The 

morphology of NTP-NC in Fig.4.12 B revealed that the particles are also spherical in shape. 

It was observed that the particles exist in the same phase suggesting that the pine cone 

particles are coated with nano-Fe3O4. The EDX images (Fig.4.12 C and D) reveals that the 

NTP consist of carbon and oxygen as the main constituents while NTP-NC consists of 

carbon, oxygen and iron. Gold and palladium detected in the NTP sample were from the 

gold/palladium coating of the sample prior to analysis.  

                                                                                                                                                          

                                                                               

Figure 4.12: SEM images of (A) Pine cone, (B) magnetite bio-composite, EDX of (C) 

Pine cone and (D) magnetite bio-composite. 
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4.3.2 Elemental mapping 

The dispersion of Fe, O and C on both NTP and NTP-NC is shown in Figs.4.13 A–E. 

Figs.4.13 A and B shows the distribution of C on the NTP and NTP-NC surfaces. The 

pictures show that the surface of carbon on NTP-NC (purple colour) was not as clear as 

that of NTP, indicating an introduction of another element on the surface. Figs.4.13 C and 

D shows the distribution of O atoms on the NTP and NTP-NC surface (green colour). The 

increased intensity and the wider dispersion of the green colour on the NTP-NC as 

compared to the NTP sample suggests the presence of a well dispersed oxide immobilized 

on the surface of NTP-NC. The picture in Fig.4.13 E present the distribution of Fe on the 

surface of NTP-NC. It can be observed that the Fe atoms are well distributed over the NTP-

NC surface suggesting that both materials are compactible and do not exist as two separate 

phases. The distribution of the Fe atoms was similar to the O atoms as seen in Fig.4.13 D, 

this suggests that the Fe atoms are associated with the O atoms and the compound is likely 

iron oxide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Elemental mapping of distribution of carbon in (A) NTP and (B) NTP-NC, 

distribution of O in (C) NTP and (D) NTP-NC and (E) distribution of Fe in NTP-NC. 

A B 

C D 

E 



93 
 

4.3.3 Thermal gravimetric Analysis (TGA) 

TGA analysis was conducted to determine the thermal stability and the decomposition 

profile of the NaOH treated pine cone, magnetite and nano bio-composite as a function of 

temperature. The TGA analysis were performed under nitrogen atmosphere to minimize 

the mass increase which may be caused by the oxidation of ferrous ions and the results are 

recorded in Fig. 4.12 A. The NTP curve shows two weight loss processes. The initial weight 

loss can be observed at temperature below 100 oC which is attributed to the loss of water. 

The second weight loss was observed at 220 oC which is due to the decomposition cellulose 

and hemicellulose materials on the pine cone biomass. The NTP-NC bio-composite shows 

four weight loss processes. The first weight loss is due to loss of moisture, the second 

weight loss was observed to be attributed to the decomposition of the cellulose and 

hemicellulose from the pine cone biomass. The third weight loss at 670 °C has been 

attributed to the phase transition from Fe3O4 to FeO, and the last weight loss was observed 

at around 786 because of the deoxidation of FeO since the TGA/DTA analysis was 

achieved under the nitrogen atmosphere (Zhao et al., 2006). It can be seen that pine cone 

has the lowest thermal stability and pure magnetite was seen to be more thermally stable. 

Incorporating pine cone onto magnetite nanoparticle enhanced the nano bio-composite 

thermal stability.  

 

The derivative weight % versus temperature curves for NTP, magnetite and NTP-NC are 

shown in Fig.4.14 B. The NaOH treated pine cone curve indicates a single decomposition 

peaks between 300-350 oC, which is due to the hemicelluloses and lignin degradation (Wan 

et al., 2011). Four derivative peaks are observed in the DTA curve of nano bio-composite 

which related to the four mass losses in the TGA curve. The peak at 350 oC on the nano 

bio-composite, is due to the decomposition of cellulose and hemicellulose in the TGA curve 

from pine cone biomass, confirms the strong binding between pine cone molecules and 

magnetite. The two peaks around 670 and 780 oC confirm the phase transition from Fe3O4 

to FeO. 
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Figure 4.14: (A) TGA and (B) DTA curves of NaOH treated pine cone, magnetite and magnetic bio-composite nanoparticles. 
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4.3.4 X-ray Photoelectron Spectroscopy (XPS) analysis 

X-ray photoelectron spectroscopy (XPS) is a versatile surface analysis technique that can 

be used to analyse elements composition and chemical state of elements present on the 

NaOH treated pine cone (NTP) and nano bio-composite magnetite pine cone (NTP-NC) 

and the full range is shown in Fig.4.15a. The XPS survey spectrum of NTP indicated the 

presence of oxygen and carbon. The spectrum consists of two major peaks at 282 and 530 

eV, corresponding to C 1s and O 1s, respectively. The spectrum for NTP-NC shows three 

peaks at 284, 530 and 710 eV corresponding to C 1s, O 1s and Fe 2p photoemissions. The 

C 1s and O 1s spectra of NTP are shown in Fig.4.15b and c. The C 1s spectrum can be 

curve-fitted into three components with binding energies of 282.6, 284.3, and 285.9, eV, 

attributed to the carbon atoms in the form of C-C (aromatic) and C-O alcoholic hydroxyl 

and ether (Zheng et al., 2009). The O 1s peak shows that the broad peak at 530.5 eV, 

attributed to the C-O group of alcoholic hydroxyl and ether can be fitted to two sub peaks 

at 529.1eV attributed to the (C=O functional group) (Zheng et al., 2009) and 531.7 eV 

attributed to the C=O bonds (Toupin and Bélanger, 2008). These peaks are characteristic 

peaks of lignin, cellulose and hemicellulose confirming that pine cone is made up of 

different functional groups.  

 

The C 1s, O 1s and Fe 2p spectra for NTP-NC are shown in Fig.4.15d-f. The C1s peak can 

be curve-fitted into three components with binding energy of 283.2, 285.15 and 286.4 eV, 

attributed to the carbon atoms in the forms of C-C (aromatic) and C-O (carbonyl) (Zheng 

et al., 2009). The O 1s XPS spectrum for NTP-NC presented in Fig.4.15e can be curve 

fitted into three peaks with binding energies of 530, 531.5 and 532.7 eV. The sharpest peak 

is the peak at 530 eV resulting from lattice oxygen in Fe3O4 while the peak at 532.7 eV is 

associated with OH of water on the surface (Önsten et al., 2010). The O 1s peaks were 

found to have shifted to a higher binding energy after incorporating magnetite with NaOH 

pine cone. The shift in the binding energy when magnetite is incorporated onto NTP may 

be due to the interaction between the Fe3O4 particles and oxygenated groups of lignin thus 

reducing its electron density. Pratt et al. (1994) reported that O2- oxygen shift to higher 

binding energies when OH- is structurally incorporated into ferric oxide. The authors 

suggested that interaction between the proton on the hydroxyl oxygen and the oxide oxygen 

produces the binding energy shift to higher binding energies. 
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Figure 4.15: (a) Full XPS spectra of NTP and NTP-NC, (b) NTP C 1s, (c) NTP O 1s, (d) NTP-NC C 1s, (e) NTP-NC O 1s, (f) NTP-NC Fe 2p
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Fig.4.15 f shows Fe 2p spectrum which shows three peaks at binding energy of 709.9, 

723.5, and 729.2 eV corresponding to Fe 2p3/2, Fe 2p1/2 and Fe 2p3/2, respectively, which 

can be attributed to magnetite. The presence of Fe 2p peak confirm the incorporation of 

magnetite and NaOH treated pine cone. Furthermore the % atomic concentration of Fe (II) 

and Fe (III) are 74.2104 % and 25.789 %, respectively.  

 

4.3.5 pH at point zero charge (pHpzc)  

pH at point zero charge (pHpzc) is the point where the net charge of the adsorbent material 

is zero. pHpzc of the NTP and NTP-NC bio-composite was determined by solid addition 

method and the results are given in Fig 4.16. The pHpzc of NTP was observed to be 5.69 

while that of NTP-NC was found to be 5.86. The pHpzc values of NTP and NTP-NC reveal 

that the adsorbents surface carry net positive charge below pHpzc, and it is positively 

charged above the pHpzc. 

 

Figure 4.16: pHpzc graph of NaOH treated pine cone and magnetite bio-composite. 
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4.3.6 Vibrating Scanning Magnetometer (VSM) 

To further understand the magnetic properties of magnetite, NaOH treated pine cone 

(NTP), and optimum nano-biocomposite (NTP-NC), magnetization measurements were 

performed by measuring the applied field dependence of magnetization cycled between 15 

and 15 kOe at room temperature. The value of saturation magnetization of pure magnetite 

was observed to be 64.66 emu/g which is slightly lower than the value reported for bulk 

Fe3O4 (92 emu/g) (Mürbe et al., 2008). The decrease in saturation magnetization observed 

with the pure magnetite samples synthesized have been reported to be due to the effect of 

the increased thermal fluctuation near the surface of Fe3O4 nanoparticles or that of the 

magnetically disordered surface formed resulting in the large surface-to-volume ratio 

associated with the fine particle size (Goya et al., 2003, Kim et al., 2001, Lin et al., 2006). 

The magnetization curve of pure magnetite, NaOH treated pine cone and nano bio-

composite samples are shown in Fig.4.15. The magnetic hysteresis loop of pure magnetite 

and nano bio-composite materials indicates no remanence and reveals its 

superparamagnetic nature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17: Magnetization curve of pure magnetite, NaOH treated pine cone and 

magnetite coated pine bio-composite sample. 
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The optimum nano bio-composite have the saturation magnetization of 37.50 emu/g. The 

saturation magnetization was observed to reduce from 64.66 emu/g to 37.50 emu/g and 

coercivity reduced from 24.92 G to 10.64 G, when pine cone biomass reacted with 

magnetite. Low coercivity shows that nano bio-composite is superparamagnetic. The 

reduction in saturation magnetization may be due to the interaction of organics from the 

pine cone with iron oxide and the reduced primary size of the magnetite material. NaOH 

treated pine cone was observed to have a paramagnetic nature with saturation 

magnetization of 2.47 emu/g and coercivity of 66.14 G, implying the material can only 

exist with an applied magnetic field and do not retain permanent magnetization without an 

applied magnetic field 

 

4.3.7 Surface area 

Adsorption-desorption isotherms using N2 and corresponding pore-size distribution curves 

of NTP and NTP-NC are shown in Fig.4.18 a and b and the surface properties are presented 

in Table 4.2. From Table 4.2, the BET surface area for pure MNP, NTP-NC and NTP were 

113.60, 54.80 and 2.25 m2/g. The pore volume and pore size were found to be 0.6231, 

0.1522 and 0.0177 cm3/g and 25.86, 23.10 and 10.17 nm respectively. As seen from the 

results, NTP had very low surface area and pore volume which is typical of most 

lignocellulosic materials (Huang et al., 2015). The higher surface area of NTP-NC over 

NTP can be attributed to the smaller size of NTP-NC in the composite. According to the 

classification of IUPAC, the isotherms for MNP, NTP and NTP-NC were Type IV as 

indicated by the hysteresis loop at P/P0 = 0.72 – 0.99 for MNP, P/P0 = 0.34 – 0.99 for NTP 

and P/P0 = 0.35 – 0.99 for NTP-NC, respectively (Sing et al., 1985). The presence of 

hysteresis loops at high relative pressure is indicative of the formation of multilayer 

adsorption with a solid mesopore structure (Jaramillo et al., 2010). The hysteresis loop 

exhibited by three samples were observed to be different, indicating significant changes in 

the pore structures in the formation of the composite. The characteristic feature of the 

isotherm for MNP was H1 hysteresis loop which describes agglomerated spherically 

shaped nanoparticles organised in a uniform manner with cylindrical pore geometry 

exhibiting high pore size uniformity (Sing et al., 1985). It was also observed that MNP 

exhibits an additional small hysteresis loop at P/P0 = 0.15–0.65 which attributed to 

mesoporosity confined in the framework of the material (Tzvetkov et al., 2017). 
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Figure 4.18: (A) Nitrogen adsorption isotherms and (B) Pore size distribution of pure magnetite, NaOH treated pine cone and magnetite coated 

pine cone bio-composite.  
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For NTP and NTP-NC, the characteristic feature of the isotherm was H3 hysteresis loop which 

describes narrow slit-like pores, particles with internal voids of irregular shape and broad size 

distribution (Sing et al., 1985). The particle size diameter curve of MNP, NTP and NTP-NC is 

shown in Fig.4.18 b. The results show that the pore diameters of MNP and NTP were 9.38 and 

20.08 nm while the composite (NTP-NC) had particle size diameter at 11.40 nm. 

Table 4.2: Surface properties of adsorbents 

Properties Pure MNP NTP NTP-NC 

Surface area (m2/g) 113.60 2.25 54.80 

Pore volume (cm3/g) 0.6321 0.0177 0.1522 

Ave. pore width (nm) 25.86 10.17 23.10 

 

4.4 CONCLUSION 

Magnetite-coated pine cone bio-composite was successfully synthesized by co-precipitation 

method using Fe3+: Fe2+ salt by maintaining 2:1 molar ratio under alkaline condition at inert 

environment. The amount of Fe2+: Fe3+ mass ratio and pine cone dose were successfully 

optimised and characterized using different analytical tools. FTIR, XRD and TGA analysis 

confirmed surface coating of magnetite by pine cone. XRD pattern indicated that the magnetite 

coated pine cone bio-composite was formed and coating with pine cone did not change the 

Fe3O4 phase. Spherically shaped magnetite nanoparticles were packed on the surface of pine 

cone mass. Nanoparticles became better dispersed with increasing pine cone mass from 1 to 

1.5 g and agglomeration occurred when pine cone mass was increased to 2 g and more. 

Nanoparticle size was observed to reduce with pine cone mass from 1 to 1.5 and broadened as 

pine cone mass was further increased from 2 to 3 g, and increased with a reduction in the 

amount of Fe2+: Fe3+ mass ratio. Magnetic nanoparticles of average particle size of 8.1 nm were 

observed when 1.5 g of pine and 2:1 mass ratio of Fe3+: Fe2+ was applied. VSM results showed 

that magnetite coated pine cone exhibit superparamagnetic behaviour and responded well to an 

externally applied magnetic field which increased its separation from aqueous solution. The 

presence of Fe 2p peak on the XPS spectra of magnetite coated pine cone confirmed the 

incorporation of magnetite and NaOH treated pine cone. Higher Cr(VI) and As(III) adsorption 

of 13.86 and 38.7 mg/g were observed at 1.5 g of pine cone and 2:1 Fe3+: Fe2+ mass ratio, 

respectively. 
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CHAPTER 5 

5 RESULTS AND DISCUSSION 

5.1 INTRODUCTION 

This chapter covers the application of the NaOH treated pine cone (NTP) and magnetite coated 

pine cone bio-composite (NTP-NC) material for Cr(VI) and As(III) adsorption from aqueous 

solutions. Batch adsorption studies such as effect of solution pH and adsorbent dose were 

conducted. Different kinetic models such as the Lagergen’s pseudo-first order equation, 

second-order equation and intraparticle diffusion were employed in modelling the uptake of 

Cr(VI) and As(III) onto the NaOH treated pine cone and bio-nano composite material. The 

activation energies, enthalpies and entropies of activation for the kinetic and diffusion 

processes were calculated for each process to determine the adsorption mechanism and the 

participation of the different processes in the adsorption mechanism. Evidence of the 

mechanism of Cr(VI) and As(III) removal by both NaOH treated pine cone and magnetite 

coated pine cone bio-composite material from FTIR and XPS analysis after both metals 

adsorption was also presented. 

 

5.2 BATCH ADSORPTION STUDIES FOR CR(VI) REMOVAL 

5.2.1 Effect of solution pH on Cr(VI) removal 

The first approach to evaluate the adsorption capacity of adsorbents towards metals is the 

determination of the solution pH, since it has a significant influence on the adsorption of heavy 

metals, due to metal sorption, surface charge and functional group chemistry of the adsorbent 

(Kim et al., 2013). The effect of solution pH on the adsorption of Cr(VI) by NaOH treated pine 

cone and magnetite coated pine cone are shown in Fig 5.1. The results indicate that the removal 

of Cr(VI) from aqueous solution is highly pH-dependent. For both adsorbent samples, it was 

observed that higher amount of Cr(VI) was removed at low solution pH. The amount of Cr(VI) 

removal increased slightly as solution pH increases from pH 1 to 3 and decreased steadily as 

solution pH increases from 3 to 10. Cr(VI) in solution exists mainly in three forms, (Cr2O7
2−, 

HCrO4
− and CrO4

2−) and exists as Cr2O7
2−and HCrO4

− under acidic conditions. The results 

show that higher Cr(VI) removal is observed for NTP-NC than NTP. 
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Figure 5.1: Effect of solution pH on the uptake of Cr(VI) from aqueous solution using NTP 

and NTPNC 

 

 At high solution pH, lower amount of Cr(VI) was found to be removed. The decrease in 

amount of Cr(VI) removal may be due to the abundance of OH- ions which enhances 

electrostatic repulsion forces between Cr(VI) anions and negatively charged groups on the 

surface of both biosorbents (Fathy et al., 2015). At low solution pH, there is a large number of 

H+ ions, which protonate the negatively charged groups on the biosorbent surface that easily 

bind to the chromate through electrostatic attraction as shown in equation 5.1 (Kratochvil et 

al., 1998, Park et al., 2008). 

 

COO- + H+ + Cr2O7
2− → COOH+-Cr       (5.1) 

 

Similar results were obtained by Kumari et al, (2015) using mesoporous magnetite nanospheres 

as adsorbent. Large number of H+ ions present in the Cr(VI) metal oxides will protonate the 

negatively charged groups (amines or carboxylic group) on the biosorbent or Fe(II) surface 

creating an electron donor group which may transfer electrons to the Cr(VI) thereby reducing 

it to Cr(III). Cr(III) ions remain in aqueous solution or form complexes on the Cr binding 

groups on the biosorbent surface. These two methods are possible for removal of Cr(VI) from 

0

1

2

3

4

5

6

7

8

9

0 2 4 6 8 10 12

A
d

so
rp

ti
o

n
 c

ap
ac

it
y 

(m
g/

g)

Solution pH

NTP

NTP-NC



107 
 

aqueous solution. The chromium reduction can take place through various reactions, mainly 

the following: 

 

Cr2O7
2− + 14H+ + 6e → 2Cr3+ + 7H2O      (5.2)  

 

HCrO4
− + 7H+ + 3e → Cr3+ + 4H2O       (5.3) 

 

Aqueous Fe(II) has been explored to be one of the potential reducing agents that can reduce 

Cr(VI) in the Cr(VI) containing wastes to Cr(III) under acidic conditions. Magnetite (Fe2O3) is 

an iron oxide mineral in which Fe is found in two oxidation states: Fe2+ and Fe3+. Fe (II) in the 

magnetite is used as the potential reducing agent according to the following reaction: 

  

2𝐹𝑒3𝑂4 +  10 𝐻+ + 2𝐶𝑟𝑂4
2− → 9𝛾 − 3𝐹𝑒2𝑂3 + 2𝐶𝑟3+ + 5𝐻2𝑂   (5.4) 

 

5.2.2 Effect of adsorbent dose 

Adsorbent dosage is a significant parameter in the removal of Cr(VI) in aqueous solution, since 

it could change the adsorbent–adsorbate equilibrium of the system. The effect of NTP and 

NTPNC dose on the Cr(VI) adsorption n was studied at the initial concentration of 75 mg/dm3 

and solution pH set at pH 3 at 26 °C and agitated at 200 rpm for 2 h and it is shown in Fig.5.2 

A and B. From the results, an increase in adsorbent dose from 0.05 to 1.5 g resulted in a 

decrease in adsorption capacity from 10.4 to 5.19 mg/g and 31 to 6.55 mg/g for NTP and 

NTPNC, respectively. However, Cr(VI) percentage removal sharply increased with an increase 

in adsorbent dosage from 5.2 to 77.9 % and 15.5 to 98.3 % for NTP and NTPNC respectively. 

At low adsorbent dose, active sites of the adsorbents are fully exposed and are occupied by 

Cr(VI) ions excess in solution, causing saturation of the surface and yielding a higher 

adsorption capacity (Albadarin et al., 2011). As adsorbent dose increases, more surface area is 

available resulting in the insufficient availability of Cr(VI) ions to occupy all the active 

adsorption sites hence adsorption capacity reduces (Chen et al., 2011). 
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Figure 5.2: The effect of adsorbent dose on (a) NTP and (b) NTPNC for Cr(VI) removal. 
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The increase in Cr(VI) percentage removal with an increase in adsorbent dose is due to more 

available active sites of the adsorbents. Thus, choosing a rational adsorbent dose with a 

comprehensive consideration is necessary. Therefore, the amount of 0.5 g was taken as the 

optimum dose for further Cr(VI) adsorption studies. 

 

5.2.3 Kinetic studies - Effect of concentration 

Kinetic studies were conducted to establish the rate of adsorbate-adsorbent interactions so as 

to understand the mechanism by which pollutants are accumulated and how they get adsorbed 

on the adsorbents surface. The study involves monitoring the experimental conditions which 

influence the rate of chemical reaction and assist in attaining equilibrium in a reasonable time. 

The known dependant factors and rate can be used in developing the adsorbent material for 

industrial application. The kinetics of the uptake of Cr(VI) by NTP and NTP-NC will depend 

on whether the slowest step of adsorption proceeds by diffusion through a boundary, adsorption 

of the adsorbate by sites on the adsorbent surface or diffusion into the internal surface and are 

discussed below: 

5.2.3.1 Kinetics modelling 

Adsorption kinetics gives insight into the reaction pathway between adsorbate and adsorbent 

and eventually the mechanism of adsorbate uptake on the adsorbent. The pseudo-first order 

and pseudo second order kinetic model were applied for Cr(VI) adsorption onto both NTP and 

NTP-NC and the results are discussed. 

 

5.2.3.1.1 Pseudo first and pseudo second order kinetic models 

The pseudo-first order kinetic model can be used to follow adsorption kinetics which proceeds 

by diffusion through a boundary (Lagergren, 1898). Plots of log (qe-qt) versus t from the 

pseudo-first order model gives a straight line, which allows computation of the adsorption rate 

constant, k1 and the equilibrium capacity, qe. On the other hand, the pseudo-second-order 

accounts for adsorption processes that proceeds for surface chemisorption (Ho, 1995). The 

experimental kinetic data for the batch contact adsorption between 0.5 g of NTP and NTP-NC 

and various concentrations of (25, 75, 100, 125 and 150 mg/dm3) Cr(VI) solutions were 

obtained and plotted according to the pseudo-first and pseudo-second kinetic models and the 

kinetic parameters calculated and given in Table 5.1a and b. The results of the batch kinetic 
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experiments revealed that Cr(VI) removal by NTP was lower than the removal by NTP-NC for 

all the concentrations of Cr(VI) applied in this study. The capacities for NTP ranged between 

0.87 to 7.01 mg/g and that for NTP-NC ranged between 1.41 to 9.38 mg/g as initial 

concentration of Cr(VI) solution was increased from 25 to 150 mg/dm3. The higher capacities 

of the NTP-NC over NTP can be attributed to its greater ability to reduce Cr(VI) to Cr(III) and 

to complex Cr(III) from aqueous solution. It was observed that the pseudo-second-order model 

predicted the experimental adsorption capacities more accurately than the pseudo-first order 

model for both NTP and NTP-NC.  
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Table 5.1a: Kinetic data for the adsorption of Cr(VI) onto NTP 

 

 

 

 

 

 

 

 

Kinetic model 25 mg/dm3 75 g/dm3 100 g/dm3 125 mg/dm3 150 mg/dm3 

NTP      

Pseudo-first order      

Exp. q (mg/g) 0.87 2.20 3.39 5.22 7.01 

Model q (mg/g) 0.80 2.07 3.19 4.88 6.58 

k1 (min-1) 0.1620 0.3386 0.5144 0.8160 1.0934 

r2 0.9931 0.9931 0.9889 0.9931 0.9885 

Variable Error 0.0017 0.0096 0.0333 0.0096 0.1358 

      

Pseudo-second 

order 

     

Exp. q (mg/g) 0.87 2.20 3.39 5.22 7.01 

Model q (mg/g) 0.87 2.25 3.40 5.23 7.01 

k2 (g/mg min) 0.1788 0.1975 0.2220 0.2336 0.2435 

h (mg/g min) 0.1353 0.9998 2.5663 6,3896 11,9656 

r2 0.9975 0.9986 0.9966 0.9990 0.9990 

Variable Error 0.00061 0.0019 0.0103 0.0067 0.0114 
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Table 5.1b: Kinetic data for the adsorption of Cr(VI) onto NTP-NC 

Kinetic model 25 mg/dm3 75 g/dm3 100 g/dm3 125 mg/dm3 150 mg/dm3 

NTP-NC      

Pseudo-first order      

Exp. q (mg/g) 1.41 3.67 5.50 7.48 9.38 

Model q (mg/g) 1.23 3.48 5.20 7.07 8.90 

k1 (min-1) 0.2361 0.5216 0.8118 1.1514 1.4459 

r2 0.9928 0.9861 0.9875 0.9873 0.9910 

Variable Error 0.0043 0.0495 0.0940 0.1701 0.1879 

      

Pseudo-second 

order 

     

Exp. q (mg/g) 1.41 3.67 5.50 7.48 9.38 

Model q (mg/g) 1.48 3.71 5.53 7.50 9.40 

k2 (g/mg min) 0.1875 0.2081 0.2281 0.2497 0.2561 

h (mg/g min) 0.4107 2.8643 6.9755 14.0456 22,6290 

r2 0.9960 0.9933 0.9990 0.9982 0.9997 

Variable Error 0.0024 0.0242 0.0080 0.0249 0.0069 
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The pseudo-first order rate constant, k1, was observed to increase with increasing initial 

concentration of Cr(VI) in solution indicating that concentration gradient between the bulk 

solution and the adsorbent surface is a major driving force for the adsorption process. The 

pseudo-second-order rate constant, k2, was also found to increase with increasing Cr(VI) 

concentration in solution and its values for NTP was lower than for NTP-NC, signifying that 

Cr(VI) removal was based not only on the concentration gradient, but on the surface area and 

the availability of active sites on the adsorbent surface. Finally, initial sorption rate, h, of the 

pseudo-second-order model was observed to increase with increasing Cr(VI) concentration in 

solution and its values were higher for NTP-NC than for NTP. These results again confirm the 

effect of surface area and variety of surface functionality on the removal of Cr(VI) by NTP and 

NTP-NC respectively. The fit of the kinetic model to the experimental data was compared 

using the correlation coefficient and variable error for Cr(VI) adsorption onto NTP and NTP-

NC. The correlation coefficient, r2, values were high for Cr(VI) adsorption onto both 

adsorbents, but the pseudo second order model had the higher r2 values as compared with the 

pseudo first order model for both adsorbents. The values of variable error for the pseudo 

second-order model was found to be lower than that of the pseudo first order. The predicted 

equilibrium capacities for the pseudo second-order model for both NTP and NTP-NC were 

closer to the experimental equilibrium capacities than the pseudo first-order model. 

 

5.2.3.2 Diffusion modelling 

Diffusion of pollutant from aqueous solution onto porous materials play a vital role in the 

adsorption process since pollutants may need to reach active sites or surfaces via diffusion 

processes. Diffusion across the thin film of liquid surrounding the adsorbent particles (external 

or film diffusion) and diffusion into the liquid contained in the pores (pore or intraparticle 

diffusion) are common means through which pollutant species may be removed from solution. 

The inclusion of Fe3O4 in the NTP-NC sample may change the overall surface of the adsorbent 

which could alter the diffusion kinetics of Cr(VI) removal by NTP. 

 

5.2.3.2.1 Intraparticle Diffusion 

The effect of Fe3O4 modification of NTP on the intraparticle diffusion of Cr(VI) into NTP and 

NTP-NC particles was studied using the intraparticle diffusion model. According to Weber and 

Morris, if the rate limiting step is intraparticle diffusion, a plot of Cr(VI) adsorbed against the 
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square root of the contact time should yield a straight line passing through the origin. The larger 

the intercept, the greater the contribution of the surface biosorption in the rate-limiting step. 

The intraparticle diffusion plot of qt versus t0.5 for Cr(VI)) adsorption onto NTP and NTP-NC 

is presented in Fig. 5.3 A and B, respectively. Figs. 5.3a and b show that the intraparticle 

diffusion curve for Cr(VI) adsorption onto NTP and NTP-NC did not pass through the origin, 

indicating that intraparticle diffusion is not solely rate limiting but can be separated into two 

stages. The first rapid step represents external surface adsorption in which surface adsorption 

is rate-determining while the second almost horizontal step represents the adsorption 

equilibrium stage.  

The intraparticle diffusion rate constant, ki, was calculated at different initial Cr(VI) 

concentrations and the results are presented in Table 5.2. The intraparticle diffusion rate has 

been shown to be affected by several factors such as (i) boundary layer diffusion, which 

measures the thickness of the liquid film covering the adsorbent surface and (ii) the rate of 

surface adsorption (Ofomaja et al., 2010). These factors along with the intraparticle diffusion 

rate are dependent on surface characteristics of the adsorbent. The results in Table 5.2 show 

that the intraparticle diffusion rate, ki, were found to increase with increasing initial 

concentration of Cr(VI) ions for both NTP and NTP-NC and the values of ki for NTP-NC were 

higher than for NTP at lower concentrations. The increase in ki with initial concentration can 

be attributed to increased external mass transfer of Cr(VI) ions from aqueous solution to the 

adsorbent surface. Therefore NTP-NC with higher external mass transfer rates gave higher 

values for intraparticle diffusion rates. The intercept of the intraparticle diffusion plot reflects 

the boundary layer effect and the greater its value, the greater the contribution of surface 

adsorption in the rate-limiting step (Vadivelan and Kumar, 2005). The value of the intercept, 

C, increased with increasing initial Cr(VI) ion concentration for both adsorbents but NTP-NC 

had higher intercept values than NTP. This means that the contribution of surface adsorption 

to the rate limiting step increased for both adsorbents but surface adsorption contributed more 

to the adsorption of Cr(VI) onto NTP-NC than onto NTP. Therefore, the strong surface 

adsorption of Cr(VI) onto NTP-NC may have led to the lower intraparticle diffusion rates. 
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Figure 5.3: Intraparticle diffusion of Cr(VI) adsorption onto (A) NTP and (B) NTP-NC at different concentration. 
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Table 5.2: Intraparticle models data for the diffusion of Cr(VI) onto NTP and NTP-NC. 

Diffusion model 25 mg/dm3 75 g/dm3 100 g/dm3 125 mg/dm3 150 mg/dm3 

NTP      

Intraparticle 

Diffusion model 

     

ki (mg g-1 min-0.5) 0.0809 0.1218 0.1106 0.1422 0.1143 

C 0.2896 1.3430 2.814 4.2113 6.1681 

r2 0.9151 0.8723 0.9411 0.8770 0.9648 

Film Diffusion      

D1 (cm2/s) 2.36 x10-7 2.91 x10-7 3.21 x10-6 4.38 x10-6 5.20 x10-6 

r2 0.9477 0.9956 0.9882 0.9507 0.9228 

      

Pore Diffusion      

D2 (cm2/s) 4.40 x10-7 5.20 x10-6 5.41 x10-6 5.57 x10-6 6.72 x10-6 

r2 0.9640 0.9776 0.9825 0.9955 0.9995 

      

NTP-NC      

Intraparticle 

Diffusion model 

     

ki (mg g-1 min-0.5) 0.0896 0.1241 0.1236 0.1322 0.1117 

C 0.7689 2.7892 4.6211 6.5412 8.5654 

r2 0.9072 0.9062 0.8923 0.9024 0.9483 

      

Film Diffusion      

D1 (cm2/s) 1.51 x10-13 1.71 x10-13 2.43 x10-13 2.33 x10-13 3.10 x10-13 

r2 0.9312 0.9912 0.9255 0.9342 0.9811 

      

Pore Diffusion      

D2 (cm2/s) 7.51 x10-13 7.91 x10-13 8.21 x10-13 9.38 x10-13 9.60 x10-13 

r2 0.9655 0.9956 0.9882 0.9507 0.9228 
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5.2.3.2.2 Pore and film diffusion 

Intraparticle diffusion process is known to be controlled by both film and pore diffusion 

(Ofomaja et al., 2010). The film diffusion coefficients, D1, can be calculated assuming the 

adsorbents particle to be a sphere of radius ‘a’ and that the diffusion follows Fick’s law, the 

relationship between uptake times is given by (Crank, 1975): 
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At small times, Dt is replaced by D1 and Eq.(5.5) reduces to: 
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         (5.6) 

The fractional uptake of Cr(VI) was shown to be a function of the square root of time, t0.5. The 

plots of fractional uptake of Cr(VI) versus t0.5 for NTP and NTP-NC is shown in Fig. 5.4 A and 

B, respectively. The plot is observed to have sections that represents a very fast initial stage 

followed by a slow final uptake of Cr(VI) ions into the pores which was similar to the trend 

obtained in the intraparticle diffusion plot. The film diffusion coefficient (D1) values for Cr(VI) 

adsorption onto NTP and NTP-NC at different concentrations were calculated from the slope 

of the plots of qt/qe versus t and are shown in Tables 5.2.  

For moderate and large times, the relation between weight uptake and diffusion equation is: 
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As t tends to large at times, Eq.(5.7) can be written in the form: 
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If B = (D2π
2/a2) Eq.(5.8) can be simplified as: 
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Eq. (5.10) is used to calculate Bt values at different initial Cr(VI) concentrations and calculated 

Bt values were then plotted against time, t for Cr(VI) adsorption onto NTP and NTP-NC and is 

given in Fig. 5.5 A and B. From these plots, it is possible to identify whether external transport 

or intraparticle diffusion controls the rate of adsorption. The plot of Bt against time, t for NTP 

and NTP-NC show linear relationships which do not pass through the origin in the initial stage 

of Cr(VI) adsorption. The plots were observed to cut the y-axis between -0.5 and 0.25 for NTP 

and between -0.3 and 0.25 for NTP-NC. The intercept values became more positive after 

coating magnetite with pine cone and was shown to increase with increase in initial 

concentration of Cr(VI). The results show that external mass transfer process increased due to 

surface coating and it is the controlling step in the initial stage of the adsorption.  

The slope (B) of the plots of Bt versus t, at different initial Cr(VI) concentrations were used 

to calculate the pore diffusion coefficient (D2) from the equation below: 

 

2

22

r

D
B            (5.11) 

 

The calculated values of both film diffusion coefficient (D1) and pore diffusion coefficient (D2) 

for NTP and NTP-NC are presented in Table 5.2 and were observed to increased with an 

increase in initial Cr(VI) concentration. This may be attributed to an increase in concentration 

gradient between the bulk solution and adsorbent surface resulting in an increase in both film 

and pore diffusion. The values of the pore diffusion coefficient, (D2) were seen to be higher 

than those of film diffusion coefficient, (D1) for both NTP and NTP-NC bio-composite 

suggesting that there was stronger resistance for Cr(VI) getting to the thin liquid film than it is 

to diffusing into pores. 
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Figure 5.4: Fractional uptake of Cr(VI) onto (A) NTP and (B) NTP-NC at different concentrations. 
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Figure 5.5: Boyd’s diffusion of Cr(VI) onto (A) NTP and (B) NTP-NC at different concentrations.
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5.2.4 Kinetic studies – Effect of temperature 

5.2.4.1 Kinetic modelling 

5.2.4.1.1 Pseudo first and pseudo second order model 

The values of the kinetic rate parameters for pseudo first and pseudo second order model for 

Cr(VI) adsorption onto NTP and NTP-NC with increasing solution temperature along with the 

correlation coefficients and the variables errors are shown in Table 5.3a and b. The results of 

the pseudo-first order modelling of the NTP and NTP-NC adsorption kinetic data revealed that 

NTP-NC had a higher adsorption capacity for Cr(VI) than NTP. The pseudo-first-order model 

predicted adsorption capacities, q1, and rate constants, k1, for both adsorbents were found to 

increase with increasing solution temperature indicating that boundary diffusion is promoted 

by temperature increase. The rate constant, k1, was observed to be higher for NTP-NC than for 

NTP suggesting a more rapid kinetic uptake for NTP-NC than for NTP. Comparing results for 

the pseudo-second order modelling of Cr(VI) adsorption onto NTP and NTP-NC, it was also 

observed that the predicted model capacities values, q2, initial sorption rates, h, and the pseudo-

second rate constants, k2, increased with increasing temperature. These results suggest that the 

adsorption process is chemically activated by temperature.  

The fit of the kinetic model to the experimental data was compared using the correlation 

coefficient and variable error for Cr(VI) adsorption onto NTP and NTP-NC. The correlation 

coefficient, r2, values for pseudo first order were in the range 0.9771 to 0.9865 for NTP and 

0.9797 to 0.9920 for NTP-NC while the variable error was in the range 0.1360 to 0.1572 for 

NTP and 0.1176 to 0.2359 for NTP-NC. On the other hand, the correlation coefficient, r2, 

values for pseudo second order were in the range 0.9971 to 0.9996 for NTP and 0.9938 to 

0.9997 for NTP-NC while the variable error was in the range 0.0038 to 0.0202 for NTP and 

0.0050 to 0.0212 for NTP-NC. The pseudo second order model had the higher r2 values and 

the lowest variable error values as compared with the pseudo first order model for both 

adsorbents. The predicted equilibrium capacities for the pseudo second-order model for both 

NTP and NTP-NC were closer to the experimental equilibrium capacities than the pseudo first-

order model. The results show that the pseudo second order kinetic model better fitted the 

kinetic data that the pseudo first order model. 
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Table 5.3 a: Kinetic parameters for the adsorption of Cr(VI) onto NTP. 

 

 

 

 

 

 

 

 

Kinetic model 299 K 304 K 309 K 314 K 319 K 

NTP      

Pseudo-first order      

Exp. q (mg/g) 7.01 7.70 8.06 8.82 9.41 

Model q (mg/g) 6.58 7.22 7.69 8.45 9.09 

k1 (min-1) 1.0934 1.3401 1.9119 2.2606 2.4500 

r2 0.9771 0.9775 0.9792 0.9839 0.9865 

Variable Error 0.1360 0.1554 0.1572 0.1451 0.1401 

      

Pseudo-second 

order 

     

Exp. q (mg/g) 7.01 7.70 8.06 8.82 9.41 

Model q (mg/g) 7.03 7.64 8.04 8.86 9.43 

k2 (g/ mg min) 0.2454 0.2910 0.4363 0.4928 0.5276 

h (mg/g min) 12.12 16.99 28.20 38.68 46.92 

r2 0.9981 0.9971 0.9976 0.9996 0.9993 

Variable Error 0.0098 0.0202 0.0180 0.0038 0.0034 
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Table 5.3 b: Kinetic parameters for the adsorption of Cr(VI) onto NTP-NC. 

 

 

 

 

 

Kinetic model 299 K 304 K 309 K 314 K 319 K 

NTP-NC      

Pseudo-first order      

Exp. q (mg/g) 9.38 9.98 10.44 10.71 11.16 

Model q (mg/g) 8.90 9.50 10.04 10.35 10.84 

k1 (min-1) 1.4454 1.8182 2.3595 2.6566 2.7988 

r2 0.9880 0.9797 0.9839 0.9886 0.9920 

Variable Error 0.1879 0.2359 0.2045 0.1532 0.1176 

      

Pseudo-second 

order 

     

Exp. q (mg/g) 9.38 9.98 10.44 10.71 11.16 

Model q (mg/g) 9.40 9.98 10.45 10.72 11.21 

k2 (g/mg min) 0.2561 0.3190 0.4527 0.5272 0.5512 

h (mg/g min) 22.63 31.77 49.44 60.58 69.27 

r2 0.9993 0.9985 0.9938 0.9994 0.9997 

Variable Error 0.0069 0.0164 0.0212 0.0076 0.0050 
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5.2.4.1.2 Activation energy 

Since the rate constants of the different kinetic applied for the modelling of Cr(VI) uptake onto 

NTP and NTP-NC showed linear relationships with the adsorption temperatures, the adsorption 

rate constant was expressed as a function of solution temperature by relationship:  

ln 𝑘2 = 𝑙𝑛𝑘𝑜 −
𝐸𝑎

𝑅𝑇
         (5.12) 

 

Where k2 is the pseudo-second order rate constant of adsorption (g mg/min), k0 is the 

temperature-independent factor (g/mg min), Ea is the activation energy (kJ/mol), R is the 

Arrhenius constant (8.314 J/mol K) and T is the solution temperature (K). The activation 

energy was then obtained from the slope of the plot of ln(k2) versus 1/T and it gives an 

indication of the diffusion path of the adsorption kinetic process whether to be film diffusion 

or pore diffusion (Zulfikar et al., 2013). Adsorption kinetic processes controlled by film 

diffusion have typical activation energy in the range of 17–21 kJ/mol while typical values of 

activation energy for pore diffusion-controlled adsorption process is in the range of 21 to 42 

kJ/mol (Namasivayam and Sangeetha, 2006). In this study, the values of activation energies 

for Cr(VI) adsorption onto NTP and NTP-NC for second-order model were 32.75 for NTP and 

32.41 for NTP-NC. The values were observed to fall within the range of 21 to 42 kJ/mol 

signifying the adsorption kinetic process was controlled by pore diffusion. The results confirm 

the higher pore diffusion coefficients for both NTP and NTPNC bio-composite. 

 

5.2.4.2 Diffusion modelling 

5.2.4.2.1 Intraparticle diffusion 

Intraparticle diffusion is rate limiting in the adsorption process if a plot of metal ions adsorbed 

against the square root of the contact time yields a straight line. When the kinetic data was 

analysed using the intraparticle diffusion model, it was observed that the plot in Fig. 5.6 did 

not pass through the origin indicating that intraparticle diffusion was not the only rate-limiting 

step. The intraparticle diffusion parameters for Cr(VI) adsorption onto both NTP and NTP-NC 

were calculated and presented in Table 5.4 a and b, respectively. From the table, the 

intraparticle diffusion rate constant, ki, for the adsorption of Cr(VI) onto NTP and NTP-NC 

decreased while the intercept, C, representing the boundary layer effect increased with 

increasing solution temperature. 
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Figure 5.6: Intraparticle diffusion of Cr(VI) adsorption onto (A) NTP and (B) NTP-NC at different temperature. 
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Table 5.4 a: Diffusion parameters for the adsorption of Cr(VI) onto NTP. 

 

 

 

 

 

 

 

 

Diffusion model 299 K 304 K 309 K 314 K 319 K 
NTP      

Intraparticle 

Diffusion 

     

ki (g/ mg min0.5) 0.1143 0.1123 0.0686 0.0566 0.0421 

C 6.1681 6.8331 7.5430 8.4078 9.1025 
Di 1.26 x10-5 1.49 x10-5 2.24 x10-5 2.53 x10-5              2.70 x10-5 

Ri 0.1201 0.1370 0.1435 0.1739 0.2732 

C/qref 0.8799 0.8630 0.8565 0.8261 0.7268 

r2 0.9648 0.9942 0.9865 0.9494 0.9021 
      

Film Diffusion      

D1 (cm2/s) 2.36 x10-7 2.54 x10-7 2.75 x10-7 2.79 x10-7 2.94 x10-7 
r2 0.9477 0.9388 0.8893 0.8505 0.8425 

      

Pore Diffusion      
D2 (cm2/s) 4.40 x10-7 4.47 x10-7 5.16 x10-7 5.36 x10-7 6.23 x10-7 

r2 0.9640 0.9412 0.9407 0.9756 0.9809 
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Table 5.4 b: Diffusion parameters for the adsorption of Cr(VI) onto NTP-NC 

 

 

 

 

 

 

 

 

Diffusion model 299 K 304 K 309 K 314 K 319 K 
NTP-NC      

Intraparticle 

Diffusion 

     

ki (g/ mg min0.5) 0.1117 0.0639 0.0478 0.0377 0.0322 

C 8.5634 9.4817 10.0590 10.4070 10.9240 
Di 1.89 x10-13 2.35 x10-13 3.34 x10-13 3.89 x10-13 4.07 x10-13 

Ri 0.0871 0.0499 0.0365 0.0283 0.0211 

C/qref 0.9129 0.9501 0.9635 0.9717 0.9789 

r2 0.9483 0.9845 0.9030 0.9261 0.9415 
      

Film Diffusion      

D1 (cm2/s) 1.51 x10-13 1.52 x10-13 1.54 x10-13 1.55 x10-13 1.56 x10-13 
r2 0.9312 0.8857 0.893 0.8261 0.8111 

      

Pore Diffusion      
D2 (cm2/s) 7.51 x10-13 8.34 x10-13 9.13 x10-13 9.42 x10-13 9.56 x10-13 

r2 0.9655 0.9899 0.9830 0.9903 0.9811 
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Results from kinetic modelling has so far shown that adsorption capacity increased with 

temperature which suggests chemisorption reaction between the active sites on the adsorbent 

and the Cr(VI) ions. As adsorption temperature increased, the mobility of the Cr(VI) ions 

decreases due to chemisorption reaction with active sites therefore reducing the diffusion of 

Cr(VI) ions into the inner surface of the adsorbent, this will account for the reduction of 

intraparticle diffusion rate constant with temperature. On the other hand, the values of intercept, 

C, indicating boundary diffusion or surface adsorption increased with temperature for both 

NTP and NTP-NC suggesting that surface adsorption became prominent as temperature was 

increased. Similar results of decreasing intraparticle diffusion rates and increasing surface 

adsorption with temperature have been reported for the adsorption of cadmium ions onto nano-

zerovalent iron particles. 

 

5.2.4.2.2 Pore and film diffusion 

The values of film diffusion coefficient for Cr(VI) adsorption by NTP and NTP-NC were found 

to reduce with increasing solution temperature at constant initial Cr(VI) concentration of 150 

mg/dm3. The magnitude of film diffusion coefficient, D1 was higher for NTP than for NTP-NC 

signifying that film diffusion was faster for NTP than for NTP-NC. Two reasons can be 

suggested for the higher D1 values for NTP: (i) the repulsion experienced by the positively 

charged Cr(III) produced in larger percentage for the NTP-NC/Cr(VI) system as it crosses 

through the liquid film to the positively charged adsorbent surface at pH, and (ii) the roughness 

impacted on the surface introduced by modification by Fe3O4 (Mao et al., 2012). The values of 

D1 was also found to reduce with increasing reaction temperature for both NTP and NTP-NC. 

The reduction in D1 with increasing temperature can be attributed to rapid saturation of active 

sites on the adsorbent surface leading to the reduction of mass transfer across the thin liquid 

film and due to random motion of Cr(VI) ions in solution which is associated with increased 

thermal energy (Kamins, 1998). Film diffusion coefficient, D1 was found to also decrease with 

increasing reaction temperature for the adsorption of Cr(VI) onto maize barns (Hasan et al., 

2008). Michelsen et al. (1975) showed that film diffusion coefficient in the range of 10-6 – 10-

8 cm2s1 indicates that film diffusion is active in the adsorption mechanism. In this study, the 

magnitude of film diffusion coefficient was in the range of 10-7 for NTP and 10-13 for NTP-NC 

suggesting that film diffusion was active in the mechanism for Cr(VI) adsorption onto NTP but 

not for NTP-NC. 
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The plots of Bt vs. t for the adsorption of Cr(VI) onto NTP and NTP-NC in Fig.5.8 a and b, 

respectively, were found to be linear at the initial stage of the adsorption process (up to 5 min 

of contact) and did not pass through the origin at all temperatures investigated indicating that 

external mass transfer of Cr(VI) ions is rate limiting at the initial stages (Ofomaja et al., 2010). 

The intercepts of the plots cut the y-axis between 0.08 to 0.67 for NTP and 0.27 to 0.83 for 

NTP-NC as temperature increased from 299 to 319 K, indicating that NTP lines were closer to 

origin than those of NTP-NC and the curves shifted away from origin with increase in 

temperature. This observation suggests that a stronger participation of external mass transfer 

in the rate determining step for NTP and that as temperature increases the participation of 

external mass transfer reduces giving way to intraparticle diffusion control.  

 

The slope (B) of the plots of Bt vs. t at different temperatures for Cr(VI) adsorption onto NTP 

and NTP-NC were employed in calculation of pore diffusion coefficient using the Eq.(5.18): 

The values of pore diffusion coefficient, D2, for the adsorption of Cr(VI) onto NTP and NTP-

NC were calculated and displayed in Tables 5.4 a and b, respectively. The results revealed that 

the values of D2 increased with increasing temperature for both NTP and NTP-NC and its 

magnitude was higher for NTP than for NTP-NC. Lower magnitude of D2 for NTP-NC can be 

attributed to the restriction of Cr(VI) ions into the internal surface of the adsorbent due to its 

modification with Fe3O4 nanoparticles. The increase in the values of D2 with increasing 

temperature can be attributed to increased mobility of the Cr(VI) ions in solution with increase 

in temperature (McKay and Poots, 1980, Önal et al., 2007). The results obtained revealed that 

the values of D2 are in the range of 10-7 for NTP and 10-13 for NTP-NC suggesting that pore 

diffusion was rate controlling for NTP-NC and for NTP adsorbents.
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Figure 5.7: Fractional uptake of Cr(VI) onto (A) NTP and (B) NTP-NC at different temperatures. 
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Figure 5.8: Boyd’s diffusion of Cr(VI) onto (A) NTP and (B) NTP-NC at different temperatures 
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5.2.5 Equilibrium Isotherm 

Equilibrium isotherm modelling can be used to characterize an adsorption system for the 

sequestration of pollutant from aqueous solution. Parameters obtained from the relationship 

between the quantities of pollutant concentrated on the adsorbent surface and that remaining in 

the bulk solution at a given temperature can give an indication of the affinity of the adsorbent 

for the adsorbate. The equilibrium system in this study was modelled using three equilibrium 

isotherm models namely the Langmuir, Freundlich and the Dubinin-Radushkevish (D-R) 

isotherm models. 

Equilibrium isotherm parameters of the chosen isotherm models along with values of error 

measurement taken from the correlation coefficient, r2 and percentage variable error for NTP 

and NTP-NC are shown in Table 5.5a and b. The best fitting isotherm model to the 

experimental data was observed to be the Langmuir isotherm as can be seen from the higher 

values of r2 and the least values of percentage variable error for both adsorbents. The values 

error determination for Langmuir model where within the range of 0.9944 to 0.9994 and 1.01 

to 9.03 % for NTP and 0.9983 to 0.9997 and 0.31 to 7.08 % for NTP-NC. The good fit to the 

Langmuir model suggests that the adsorption sites on the adsorbent are homogenous, forming 

a monolayer coverage of adsorbed Cr(VI) ions on the surface. The values of monolayer 

capacity and equilibrium constant were observed to increase as the adsorption temperature 

increased from 299 to 319 K. The NTP and NTP-NC efficiency for Cr(VI) removal from 

solution was also examined by applying the dimensionless constant separation factor for the 

equilibrium parameter (RL) with the form: 

                        (5.13) 

The parameter Ka in Eq. (5.12) is the Langmuir isotherm equilibrium capacity and C0 is the 

initial concentration of the Cr(VI) in solution. The value of RL was observed to decrease from 

0.1605 to 0.0551 for NTP and from 0.0459 to 0.0073 for NTP-NC as adsorption temperature 

was increased from 299 to 319 K. This result confirms that adsorption efficiency increased 

with temperature for both adsorbents. The Freundlich isotherm also showed a good fit with the 

experimental data with values of r2 and percentage variable error in the range of 0.9927 to 

0.9998. and 0.49 to 11.94 % and from 0.9927 to 0.9978 and 8.26 to 49.88 % for NTP and NTP-

NC, respectively. The parameter, n indicating adsorption affinity and the adsorption capacity 

indicating parameter, KF, were seen to increase in magnitude suggesting that both affinity for 

0

1

1
L
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R
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Cr(VI) ions and adsorption capacity were favoured by increasing temperature. Error 

determination was also performed on the equilibrium data modelled using the D-R isotherm 

and the results shown in Table 5.5a and b. It was observed that both r2 and percentage variable 

error values were reasonably good ranging from 0.9049 to 0.9972 and 9.74 to 19.68 for NTP 

and from 0.9072 to 0.9767 and 22.54 to 37.33 % for NTP-NC. Values of saturation capacity, 

qs (mol/g) was observed to be close to the Langmuir isotherm monolayer capacities when 

converted to mg/g. The saturation capacity was also found to increase with increasing 

adsorption temperature. The adsorption energy parameter, β decreased from 3.15 x 10-9 to 2.64 

x 10-9 mol2/kJ2 for NTP and from 2.00 x 10-9 to 1.62 x 10-9 mol2/kJ2 for NTP-NC as temperature 

was increased from 299 to 319 K. The mean free energy of adsorption, E, which gives an 

indication of the adsorption mechanism increased with adsorption temperature from 12.60 to 

13.80 kJ/mol for NTP and from 15.80 to 16.80 kJ/mol for NTP-NC. The value of E can be used 

to determine the adsorption type. For example, E values < 8 kJ/mol will indicate physical 

processes, E values between 8 and 16 kJ/mol indicates ion-exchange processes, while E values 

> 16 kJ/mol indicates chemical adsorption (Lunge et al., 2014). The range of the mean free 

energy of adsorption obtained in this study suggests that the adsorption mechanism for Cr(VI) 

onto both NTP and NTP-NC is by ligand-ion exchange (Lunge et al., 2014). 
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Table 5.5 a: Equilibrium data for Cr(VI) adsorption onto NTP 

Isotherm model 299 K 304 K 309 K 314 K 319 K 

NTP      

Langmuir      

 q (mg/g) 11.56 12.01 13.10 14.19 15.61 

Ka (dm3/mg) 0.0436 0.0506 0.0585 0.0787 0.0857 

r2 0.9944 0.9989 0.9990 0.9996 0.9994 

%Variable Error 9.03 2.91 3.80 1.01 1.79 

      

Separation factor 0.1605 0.1157 0.0965 0.0660 .0.0551 

      

Freundlich      

n 3.07 3.65 3.78 4.73 5.03 

 

4.113 4.846 4.137 4.554 4.286 

r2 0.9927 0.9966 0.9998 0.9982 0.9971 

%Variable Error 11.94 6.23 0.49 4.70 8.92 

      

Dubinin–Radushkevich       

qs (mol/g) 1.43 × 10-4 1.62 × 10-4 1.95 × 10-4 1.97 × 10-4 2.03 × 10-4 

β (mol2/J2) 3.15 × 10-9 2.73 × 10-9 2.72 × 10-9 2.52 × 10-9 2.64 × 10-9 

E (kJ/mol) 12.60 12.1 13.60 14.10 13.80 

r2 0.9049 0.9180 0.9972 0.9726 0.9619 

%Variable Error 19.68 11.54 9.74 9.97 10.32 

 

 

 

 

 

3 1( / )( / ) n
FK mg g dm mg
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Table 5.5 b: Equilibrium data for Cr(VI) adsorption onto NTP-NC 

Isotherm model 299 K 304 K 309 K 314 K 319 K 

NTP-NC      

Langmuir      

 q (mg/g) 15.24 16.46 17.06 18.13 19.11 

Ka (dm3/mg) 0.1731 0.1954 0.2584 0.4109 0.6838 

r2 0.9983 0.9994 0.9997 0.9985 0.9996 

%Variable Error 3.73 0.31 1.43 7.08 1.86 

      

Separation factor 0.0459 0.0353 0.0236 0.0133 0.0073 

      

Freundlich      

n 7.26 7.34 8.13 9.82 10.83 

 

6.223 5.383 5.571 6.156 5.793 

r2 0.9941 0.9978 0.9466 0.9898 0.9927 

%Variable Error 20.94 8.62 14.57 49.88 46.30 

      

Dubinin–Radushkevich       

qs (mol/g) 1.68 × 10-4 1.93× 10-4 2.06 × 10-4 2.18 × 10-4 2.49 × 10-4 

β (mol2/J2) 2.00 × 10-9 1.95 × 10-9 1.85 × 10-9 1.65 × 10-9 1.62 × 10-9 

E (kJ/mol) 15.80 16.00 16.50 16.70 16.80 

r2 0.9335 0.9767 0.9707 0.9072 0.9432 

%Variable Error 37.33 22.54 27.42 28.97 26.65 
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5.2.6 Thermodynamic parameters of adsorption 

To evaluate the influence of temperature on the adsorption process of Cr(VI) onto NTP and 

NTP-NC, thermodynamic parameters such as change in free energy ΔG*, enthalpy ΔH* and 

entropy ΔS* were calculated from the following equations: 

LKRTG ln*           (5.14) 

where KL is calculated from the ratio of Cr(VI) on the adsorbent surface at equilibrium to the 

Cr(VI) left in solution. 

R

S

RT

H

RT

G
KL

***

ln








         (5.15) 

 

Multiply Eq.(5.15) with - RT: 

*** STHG           (5.16) 

where R is the gas constant (8.314 J/mol K), T is the absolute temperature (K), ΔH* and ΔS* 

could be obtained from the slope and intercept of ΔG* versus 1/T. Thermodynamic analysis 

was investigated at five different temperatures (299, 304, 309, 314 and 319 K). The values of 

the thermodynamic parameters for Cr(VI) adsorption onto NTP and NTP-NC are given in 

Table 5.6. The values of free energy change, ΔG* for NTP and NTP-NC were calculated to 

range from -37.86 to -40.42 kJ/mol for NTP and from -39.08 to -41.72 kJ/mol for NTP-NC as 

adsorption temperature was increased from 299 to 319 K. The negative sign of free energy 

change suggests that the adsorption of Cr(VI) onto NTP and NTP-NC is spontaneous, and the 

spontaneity increases with temperature. The results also show that the adsorption of Cr(VI) 

onto NTP-NC was more spontaneous than that of NTP. The positive values of ΔH* which were 

calculated to be 37.68 kJ/mol for NTP and 29.21 kJ/mol for NTP-NC confirmed the 

endothermic nature of adsorption and further supported the increase of adsorption capacity with 

the increase in temperature. The higher value of ΔH* for NTP as compared to that of NTP-NC 

showed that Cr(VI) adsorption by NTP-NC needed less energy adsorbed than that of NTP. 

Finally, the entropy values were calculated as 12.79 J/mol K for NTP and 13.17 J/mol K for 

NTP-NC. The positive values of the entropy suggest that increasing randomness during the 

adsorption process (Xu et al., 2012). The higher values of entropy of NTP-NC over NTP 

suggests that the randomness is higher in NTP-NC than in NTP. 
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Table 5.6: Thermodynamic parameters of Cr(VI) adsorption onto NTP and NTP-NC 

 

Sample   Temp. (K)  ΔG*(kJ/mol)  ΔH*(kJ/mol)  ΔS*(J/ K mol)    

 

NTP   299   -37.86 
304   -38.50 

309   -39.14   37.68   12.79  

314   -39.28 
319   -40.42 

 

NTP-NC  299   -39.08 
304   -39.74 

309   -40.40   29.21   13.17  

314   -41.06 

319   -41.72 
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5.2.7 Mechanism evidence 

To prove which mechanism is predominant for Cr(VI) removal using NTP and NTP-NC, the 

amount of Cr concentration left in solution (total chromium, Cr(VI) and Cr(III)) and changes 

in H+ concentration were plotted against different solution pH and the results are shown in Fig. 

5.9. It is known that the reduction of Cr(VI) to Cr(III) consumes H+ and release OH- which 

rises the solution pH. The results showed that the change in [H+] concentrations at the end of 

the adsorption process where higher for lower initial solution pH’s (where lower amounts of 

Cr was found in solution) than for higher initial solution pH’s (where higher amounts of Cr 

was found in solution) and the change in [H+] concentration became small and almost constant 

after initial solution pH 4. This is consistent with the assumption that the removal of Cr from 

solution is associated with [H+] ion consumption and that as the concentration of [H+] ions 

reduce in solution; the Cr removal reduces. 

 

It can be observed that the change in H+ concentration for NTP increases as the solution pH 

increases from pH 1 to 4. At solution pH of 1, higher change in H+ concentration is observed 

which resulted in higher amount of Cr(VI) being reduced to Cr(III). Cr concentration left in 

solution was observed to be 28.256 mg/dm3, 27.956 mg/dm3 and 0.400 mg/dm3 for total Cr, 

Cr(III) and Cr(VI) for NTP, respectively. The results show that a higher amount of Cr(VI) was 

reduced to Cr(III) and less amount of Cr(VI) was left in solution. The NTP-NC sample was 

found to have followed the same trend. The Cr concentration left in solution was 21.559 

mg/dm3, 10.899 mg/dm3 and 10.600 mg/dm3 for total Cr, Cr(III) and Cr(VI), respectively. 

Almost half of the Cr(VI) was reduced to Cr(III) and stayed in solution. NTP was found to 

have reduced Cr(VI) to Cr(III) more than NTP-NC, but higher Cr concentration was left in 

solution for NTP than for NTP-NC sample. At solution pH (pH 1), higher amount of H+ are 

present in the solution causing protonation of negatively charged functional groups on the 

biosorbent causing a change in the surface charge. The reduced Cr(III) will therefore repel the 

protonated functional groups on the biosorbent and stay in solution. At solution pH 2, the 

change in H+ concentration decreased for both samples, causing less reduction of Cr(VI) to Cr 

(III).  
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Figure 5.9: The plot of the amount of Cr concentration left in solution and the changes in H+ concentration at different solution pH for (A) NTP 

and (B) NTP-NC. 
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Cr concentration left in solution was found to decrease to 25.737 mg/dm3 and 5.397 mg/dm3 

for total Cr and Cr(III), respectively, while Cr(VI) increased to 19.8 mg/dm3, for NTP. The 

results show that less amount of Cr(VI) was reduced to Cr(III). For NTP-NC, the concentration 

of Cr left in solution was found to decrease to 8.446 mg/dm3, 7.7 mg/dm3 and 0.746 mg/dm3 

for total Cr, Cr(VI) and Cr(III), respectively. The results indicate that less amount of Cr(VI) 

was reduced to Cr(III) for both samples. As solution pH increases from 1 to 3, less amount of 

H+ is present. Less amount of Cr(III) will be repelled. 

 

The amount of total Cr and Cr(VI) left in solution was found to increase at solution pH 4 until 

reaching an almost constant state at solution pH of 10 for NTP. For the NTP-NC sample, the 

amount of total Cr and Cr(VI) increased sharply as pH increases from 4 to 10. From solution 

pH 4 to 10, there is a smaller change in H+ concentration causing a small reduction of Cr(VI) 

to Cr(III). The amount of total Cr and Cr(VI) increased sharply as pH increases from 4 to 10. 

Less amount of Cr concentration was left in solution for NTP-NC than for NTP. The amount 

of Cr(III) reduced gradually and was completely removed from the solution for both biosorbent 

materials but the reduction was more for NTP-NC than for NTP. This may be due to the fact 

that the reduced Cr(III) was adsorbed from the solution by the carbonyl group from the 

biosorbent material. As the pH increases more OH- are present in the solution and interact with 

the Cr(III) thereby removing it from the solution. The results also show that the removal of 

Cr(VI) and its reduction to Cr(III) requires a large number of protons in the acidic medium. 

 

To further examine the Cr(VI) adsorption characteristics from aqueous solution by NTP and 

NTP-NC, the profile of Cr concentration and ORP were investigated at solution pH of 3 and 

the results are shown in Fig. 5.10 A and B. From the graphs, the values of ORP was found to 

decrease from 339 to 255 for both biosorbent materials. The total Cr and Cr(VI) concentration 

was found to decrease sharply with contact time from 0 to 120 minutes and was lower for NTP-

NC than NTP with maximum concentration of 26.494 mg/dm3 and 24.1 mg/dm3 for NTP-NC 

and 33.824 mg/dm3 and 30.4 mg/dm3 for NTP. Cr(III) appeared in acidic solution and was 

found to increase gradually with contact time. The results reveal the reduction of Cr(VI) to 

Cr(III) when brought into contact with the NTP and NTP-NC biosorbent materials. The results 

show that the reduction of Cr(VI) to Cr(III) is highly dependent on the redox potential. 
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Figure 5.10: The profile of Cr concentration left in solution and ORP with time (A) NTP and (B) NTP-NC 
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5.2.7.1 Fourier Transformed Infrared (FTIR) analysis after Cr(VI) adsorption 

FTIR analysis was conducted to explore the possible mechanism involved in the adsorption of 

Cr(VI) by NTP and NTP-NC. According to Park et al. (2011), Cr(VI) can be spontaneously 

reduced to Cr(III) when in contact with biomaterials or reducing agents especially in an acidic 

solution, since Cr(VI) has a high redox potential (above +1.3 V). It has been reported from 

literature that the main functional groups responsible for Cr adsorption and reduction on the 

biosorbents are the hydroxyl group, carboxyl group and amino groups (Sukumar et al., 2014). 

Cr(VI) reduction to Cr(III) using biosorbents may be shown as follows (Altungdogan, 2005):  

𝐻2𝐶𝑟𝑂4
− + 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 +  𝐻+  →  𝐶𝑟3+ +  𝐻2𝑂 +  𝐶𝑂2   (5.17) 

 

The functional group elucidation is one of the key factors to understand the mechanism and 

binding process on biosorbents. The FTIR of NaOH treated pine before and after Cr(VI) 

biosorption is shown in Fig.5.11. From the results, the FTIR spectrum of NaOH treated pine 

cone shows a number of absorption peaks, indicating the complex nature of the biosorbent. The 

main characteristics peaks include the peak representing the unbounded -OH group at 3334.04 

cm-1, the peak representing the aliphatic C-H group at 2897.86 cm-1, the peak representing C-

O and vibration of C=C at 1602.99 cm-1 and the peak at 1223.00 cm-1 and 658.85 cm-1 which 

are due to O-H deformation of phenolic group (Subramanian et al., 2005). The peak at 1022 

cm-1 representing the C-O stretching of secondary alcohol in cellulose is observed.  
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Figure 5.11: FTIR spectra of NTP before and after Cr(VI) adsorption  
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After Cr(VI) adsorption, changes in intensities and shift in the peaks position were noted. A 

broad hydroxyl peak at 3334.04 cm-1 was found to have reduced in intensity and shifted to 

3337.95 cm-1. The aliphatic C-H group at 2897.86 cm-1 was observed to have reduced in 

intensity and splitted into three small peaks, indicating that C-H group was lost in the reduction 

of Cr(VI) to Cr(III). A new peak appeared at 1730.11 cm-1 which represent the C=O stretch of 

a lignin (Gupta and Nayak, 2012a). These show that the Cr(VI) biosorption onto NaOH treated 

pine cone led to the formation of carboxylic group on the surface which resulted from oxidation 

of C-OH group by Cr(VI) (Wang and Lee, 2011). The C-OH groups act as the reductant for 

Cr(VI) in solution. A sharp peak at 1602.99 cm-1 was shown to have reduced and splitted into 

two peaks at 1602.83cm-1 and 1657.93cm-1. The peaks representing the O-H deformation of 

phenolic group at 1223.00 cm-1 was found to have shifted slightly to 1224.48 cm-1 and 658.85 

cm-1 splitted to 659.68 cm-1 and 695.21 cm-1 and reduced in intensity. The decrease in 

intensities of the peaks implies the loss of these groups on the biosorbent surface as a result of 

reaction of Cr(VI). The results also show that the functional groups with oxygen mainly the 

hydroxyl and carboxylate groups are the most probable site for Cr biosorption. Similar 

observations were reported by Sen et al (2012) when they used cork and heat-treated cork 

samples from quercus cerris and quercus suber for removal of chromium (VI) in aqueous 

environments. The author observed that lignin plays a significant role in adsorption of Cr(VI) 

onto both samples. Results are also in agreement with other studies which concluded that 

hydroxyl and carboxylate groups are the main functional groups amongst others for adsorption 

of Cr(VI) (Dong et al., 2011, Singha et al., 2011). 

 

Fig.5.12 shows FTIR spectra of NTP-NC before and after Cr(VI) biosorption. The broad 

absorption peak at 3256.99 cm-1 is due to unbounded -OH group, the peak representing the 

asymmetric and symmetric C-H stretching in the organic carbon chain at 2913.79 cm-1 

(Sukumar et al., 2014), the sharp peak at 1627.69 cm-1 is attributed to the Fe-OH band (Xing 

et al., 2011). The peak at 1507.69 is indicative of the C=C vibration of aromatic lignin 

(Subramanian et al., 2005), the peak at 1264.77 cm-1 and 1223.92 cm-1 are indicative of O-H 

deformation of phenolic group (Subramanian et al., 2005). The peak at 1022 represent the C-

O stretching of secondary alcohol in cellulose. The peak at 806. 86 cm-1 is indicative of β-(1,4)-

glycosidic linkage of cellulose. The presence of Fe3O4 could be demonstrated by the strong 

peak at 564 cm-1 which is indicative of stretch vibrational mode of Fe-O bonds in the tetrahedral 

sites and the octahedral sites (Bastami and Entezari, 2012). The peaks revealed that magnetite 

has been successfully modified with pine cone. 
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Figure 5.12. FTIR spectra of NTP-NC before and after Cr(VI) adsorption  

 

After Cr (VI) biosorption, changes in functional groups were visible. Several peaks decreased 

in intensities and shifted. The broad hydroxyl group at 3256.99 cm-1 decreased in intensity and 

shifted to 3331.89cm-1.  The aliphatic C-H group shifted from 2913.79 cm-1 to 2883.62 cm-1. 

The Fe-OH peak at 1627.69 cm-1 reduced in intensity and splitted into two at 1600.13 cm-1 and 

1700 cm-1. The peak at 564 cm-1 was found to have splitted into four peaks at 557.80, 572.52, 

594.13, and 613.33 cm-1. This shift and splitting of the peak at 564 cm-1 indicate that the 

deformation vibration of Fe-O was involved in the reduction of Cr(VI) to Cr(III) resulting in 

the conversion of magnetite to maghemite. The formation of maghemite prove the fact that 

Cr(VI) reduction reaction takes place on the surface of biosorbent nanomaterial and consumes 

all surface Fe(II) available, which oxidizes to Fe(III). The reduction in peak intensities and 

shifting in the peaks was due to the interaction of the hydroxyl group, carboxylate, Fe and 

Cr(VI) on the reduction of Cr(VI) to Cr(III). 
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5.2.7.2 X-ray photoelectron spectroscopy (XPS) analysis after Cr(VI) adsorption 

XPS profiles of NTP before and after Cr(VI) adsorption and the Cr 2p core level before and 

after Cr(VI) adsorption are shown in Fig 5.13 a-c, while the XPS profile of NTP-NC before 

and after Cr(VI) adsorption, Fe 2p core level before and after Cr(VI) adsorption and Cr 2p core 

level before and after Cr(VI) adsorption are shown in Fig 5.14 a-d. Two new peaks emerged at 

binding energies of 575.8 and 582.5 eV for NTP and 575.5 and 585.6 eV for NTP-NC after 

Cr(VI) adsorption, which are characteristic peaks of Cr 2p3/2 and Cr 2p1/2, respectively. These 

peaks can be assigned to Cr(III) species (Moulder et al., 1992; Biesinger et al., 2011). Cr (VI) 

is characterized by higher binding energy than Cr(III) since hexavalent form draws electrons 

more strongly than the trivalent form (Park et al., 2007). Dambies et al. (2000) conducted XPS 

to study chemical interactions between Cr(VI) and chitosan from crab shells. The authors 

observed significant bands appearing at binding energies of 577.3 and 579.8 eV which can be 

attributed to Cr(III) and Cr(VI) after grinding the sample. The results indicate that toxic Cr(VI) 

was reduced to less toxic Cr(III) when NTP biosorbent and NTP-NC nanocomposite were in 

contact with 75 mg/dm3 Cr(VI) solutions. Similar observation was made by Ren et al. (2016) 

in the adsorption of Cr(VI) onto amine cross linked biosorbent. The authors observed broad 

peaks at 576.2 eV and 585.9 eV which were characteristics of Cr 2p3/2 and Cr 2p½. Results 

implies that Cr bound to the surface of both NTP and NTP-NC were through trivalent form. 

Thus, the adsorption mechanism of Cr(VI) onto NTP and NTP-NC surface is suggested to be 

adsorption coupled reduction mechanism. 
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Figure 5.13: XPS profile of NTP biosorbent (a) Full spectra of NaOH treated pine cone before and after Cr(VI) adsorption, (b) Cr 2p core level 

before adsorption, (c) Cr 2p core level after adsorption. 
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Figure 5.14: XPS profile of NTP-NC nanocomposite (a) Full spectra of NaOH treated pine cone-magnetite nanocomposite before and after 

Cr(VI) adsorption, (b) Fe 2p core levels before and after Cr(VI) removal, (c) Cr 2p core level before adsorption, (d) Cr 2p core level after 

adsorption.
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5.2.8 Ionic strength effect 

The effect of ionic strength on the uptake of Cr(VI) onto NTP and NTP-NC was performed 

using NaNO3 in the concentration range of 0.01 to 0.2 mol/dm3 and at solution pH 3. 6 and 8. 

The thickness of the electric double layer and the interface potential are known to be affected 

by ionic strength of the solution, which in turn determines the nature of the binding of adsorbent 

to adsorbate (Ajouyed et al., 2010). The results of the effect of ionic strength shown in Fig. 

5.15 A and B reveal that the Cr(VI) adsorption capacity of both NTP and NTP-NC increased 

slightly with increase in ionic strength of the solution at all solution pH’s. The reason for the 

slight increase in adsorption capacity may be due to compression of the electric double layer 

which neutralizes the repulsion between Cr(VI) and the adsorbent surface (Zhang et al., 2012). 

It was also observed that solution pH did not alter the effect of ionic strength on Cr(VI) uptake 

significantly, as the solution pH was increased from 3 to 8 the Cr(VI) capacity was only slightly 

reduced. These results therefore suggest that Cr(VI) interaction with NTP and NTP-NC may 

not be by electrostatic interaction or through outer-sphere complex formation, since outer-

sphere complex formation occurs via electrostatic attraction (Cheng et al., 2016a). Therefore 

inner-sphere complex formation which proceeds via covalent bond formation is likely 

predominant in the adsorption process (Sun et al., 2014).  

 

5.2.9 Effect of competing anions 

Removal of Cr(VI) from natural and industrial wastewater is usually challenged by the co-

existing anions present in the environment or effluents competing for adsorbent active sites. 

The effect of anion competing for NTP and NTP-NC adsorption sites was therefore determined 

by performing the adsorption experiments in the presence of naturally occurring anions in water 

such as , , and anions. The results of competition for adsorption sites 

between Cr(VI) and some selected anions on NTP and NTP-NC at different pH are shown in 

Fig. 5.16 a and b. The results reveal that , , anions in solution were able to 

reduce Cr(VI) capacity of both 

 

 

 NTP and NTP-NC while anion increased the Cr(VI) capacity slightly. Several factors such 

as charge density, molecular dimension, degree of hydration, ionic radii and reactivity with 
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adsorbent surface have been known to control anion competition onto magnetic biomaterials 

(Duranoğlu et al., 2012). The order of reduction in Cr(VI) adsorption capacity amongst the 

competing anions in this study was > > for both NTP and NTP-NC at all 

solution pH. The order can be attributed to the charge densities of the anions as compared with 

. Since the charge densities of the competing anions are all higher than that of 

, they compete strongly with  for adsorption sites on NTP and NTP-NC and reduce the 

capacity in the order of their increasing charge density (Gheju et al., 2016). with the 

highest charge density, similar molecular dimension and ionic radii as exhibits the most 

inhibitive effect (Qi et al., 2016). anion also exhibited a strong inhibitive effect of Cr(VI) 

adsorption which can be attributed to the consumption of some of the active sites on NTP-NC 

by anion forming siderite and/or (oxy)hydroxy carbonates of Fe(III)/Fe(II) on the 

adsorbent surface (Shang et al., 2017). anions also showed intense competition with 

for NTP and NTP-NC active sites which can be attributed to high charge density, 

similar ionic radii and lower of over anions (Álvarez-Ayuso et al., 2007). 

Only anion was observed to slightly increase the uptake among the applied anions. 

Although and have singular negative charge, the charge density of is higher 

than that of , but the smaller size of the ion gives a higher degree of hydration over 

 hence the carbon surface in NTPNC have higher selectivity for  over 

(Duranoğlu et al., 2012). 
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Figure 5.15: Effect of Ionic strength for Cr(VI) uptake onto (a) NTP and (b) NTP-NC 
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Figure 5.16: Effect of competing anions on Cr(VI) uptake onto NTP and NTP-NC 
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5.2.10 Desorption studies 

To design and optimize a biosorption process for industrial application, it is important to 

elucidate the adsorption-desorption behavior of the biosorbent. A pollutant can be desorbed by 

a suitable desorbing solvent so that the biosorbent can be re-used in multiple adsorption-

desorption cycles. To determine which eluate may efficiently desorb Cr(VI) and to evaluate 

the mechanism of biosorption process, desorption experiments were performed using 100 cm3 

of 0.5 mol dm-3 of each of the desorbing solvents (HCl, NaOH, CH3COOH) and H2O. Fig 5.17 

shows the percentage Cr(VI) desorbed using different desorbing solvents. From the results, it 

was observed that NaOH was the most efficient desorbing agent followed by acetic acid, HCl 

and water. The sample extracted with 0.5 mol/dm3 of NaOH had the highest Cr(VI) desorption 

percentage of 51.27 % for NTP and 87.64 % for NTP-NC, followed by the sample extracted 

by acetic acid desorbing 16.67 % for NTP and 45.91 % for NTP-NC. HCl and H2O were less 

efficient with the lowest Cr(VI) desorption percentage of 1.76 and 1.19 % for NTP and 3.86 

and 3.12 % for NTP-NC. Park et al. 2005 also observed that NaOH was more effective in 

desorbing Cr from the fungal biomass of Aspergillus niger. The results suggest that ion-

exchange is the predominant and possible mechanism for Cr(VI) adsorption for both NTP and 

NTP-NC, followed by chemisorption while physical adsorption is not playing a significant role 

in Cr(VI) removal by both NTP and NTP-NC.  
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Figure 5.17: Desorption profile of Cr(VI) onto NTP and NTP-NC using different desorbing 

agents. 

 

5.2.11 Regeneration 

To determine the possibility of regeneration and reusability of NTP and NTP-NC as adsorbents, 

Cr(VI) adsorption-desorption cycle was repeated 4 times using NaOH as the desorbing solvent 

and the results are shown in Fig.5.18. Cr(VI) adsorption capacity was observed to be 15.75 

mg/g for NTP and 17.97 mg/g for NTP-NC. Cr(VI) adsorption capacity reduced gradually from 

15.75, to 15.11, 14.98 and 14.95 mg/g for NTP and from 19.97 to 17.45, 17.31 to 16.96 mg/g 

for NTP-NC after the fourth cycle. The adsorption capacity of both NTP and NTP-NC for 

Cr(VI) adsorption did not give a significant change during the repeated adsorption-desorption 

cycles indicating that both adsorbents could be applied repeatedly without any significant loss 

of its initial adsorption capacity. It was also observed that the adsorption capacity for NTP-NC 

was higher than NTP biosorbent for all cycles. The higher adsorption capacity and good 

reproducibility make the NTP-NC bio-composite a significant potential adsorbent for removal 

of Cr(VI) from aqueous solution. 
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Figure 5.18: Recycling of NTP and NTP-NC after four cycles of adsorption/desorption  
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5.3 BATCH ADSORPTION STUDIES FOR ARSENIC 

5.3.1 Effect of solution pH 

The effect of solution pH on arsenic removal using NaOH treated pine cone and magnetite 

coated pine cone was examined over the solution pH range 1.0 to 10.0 using 0.1 dm3 of As(III) 

solution with an initial concentration of 100 mg/dm3, stirred at 200 rpm for 2 hours, and the 

results are shown in Fig.5.19. The results in Fig. 5.19 reveal that As(III) adsorption onto NTP-

NC were higher than that of NTP and the variation of As(III) removal with pH were wider for 

NTP than for NTP-NC. In the range of pH 1 to 6, As(III) removal was observed to increase 

from 8.19 to 11.79 mg/g for NTP and from 15.07 to 23.60 mg/g for NTP-NC respectively. The 

highest values of As(III) capacities for both adsorbents were observed between pH 7 to 8 (the 

pH range for drinking water) which were 11.35 and 12.42 mg/g for NTP and 25.069 and 27.73 

mg/g for NTP-NC respectively. Above pH 8, the As(III) capacities were observed to drop to 

10.34 mg/g for NTP and 25.09 mg/g for NTP-NC. 

 

Figure 5.19: Effect of solution pH on the adsorption of arsenic using NaOH treated pine and 

magnetite coated pine cone biosorbents. 
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This may be explained by the arsenic speciation. It has been reported that the species of As(III) 

considered to be responsible for adsorption are 33 AsOH  and 
32 AsOH  (Saleh et al., 

2016). Between the pH range of 2 and 9, As(III) exists in the non-ionic form ( 33 AsOH ), 

while at solution pH greater than 9, As(III) exists in the anionic form (

32 AsOH ) (Yadav et 

al., 2016). The As(III) speciation with the corresponding equilibrium constants can be 

expressed as follows (Xu et al., 2007): 

 

H3AsO3↔H2AsO3 
− + H+; pKa1 = 9:23      (5.18) 

 

H2AsO3
−↔HAsO3 

2− + H+; pKa2 = 12:1      (5.19) 

 

HAsO3
2−↔AsO3

3−+ H+; pKa1 = 12:7       (5.20) 

 

 

At low solution pH, there is an abundance of H+ in solution which coordinates with lone pair 

of electrons on the oxygen of iron oxide in NTP-NC and also oxygenated groups on NTP to 

form positive charges 
 2OHFe and 

 2OHR , these groups cannot bind with non-ionic 

As(III) (Aryal et al., 2010). At solution pH between 7 and 8, the H+ ions in solution is greatly 

reduced and groups such as 
 2OHFe and  2OHR  are deprotonated to form OHFe  and 

OHR  . OHFe  on magnetite can form both physical and ligand (ion) exchange (inner and 

outer sphere complexes) bonds with non-ionic As(III) (Vatutsina et al., 2007) while the 

hydroxyl functions on cellulose and hemicellulose form coordination bonds with non-ionic 

As(III) (Vinh et al., 2015). This will account for the higher adsorption of As(III) between pH 

7 and 8. Finally, at solution pH above 9, OHFe  and OHR  groups are totally deprotonated 

to form OFe and OR which will electrostatically repel As(III) anions from the 

adsorbent surface leading to decrease in As(III) adsorption. Similar results were observed by 

Sansuri, et al. 2013 when using Fe-coated empty fruit bunch biochar and Fe-coated rice husk 

biochar as adsorbents for As(III) adsorption and Sahu et al. 2017 for the adsorption of As(III) 

and As(V) by cigarette soot activated carbon with Fe3O4 nanoparticles.  
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5.3.2 Effect of adsorbent dose 

The effect of adsorbent dose on the uptake of As(III) onto NTP and NTP-NC was conducted 

from 0.05 to 1.5 g in a batch system maintained at optimum solution pH of 8 and the results 

are illustrated in Fig 5.20.a and b. From the graph, it was observed that the As(III) uptake 

percentages of NTP and NTP-NC increased with increasing adsorbent dose in the range of 

adsorbent doses considered. The As(III) uptake percentage were higher for NTP-NC than for 

NTP at any dose. The increase in As(III) uptake percentage can be attributed to increased 

adsorption sites as adsorbent dose is increased and the higher surface area imparted by 

magnetite in NTP-NC (Saleh et al., 2016). The observed increase in adsorption percentage from 

0.05 to 1.5 g were 9.39 to 14.78 % for NTP and 18.456 to 96.75 % for NTP-NC respectively. 

At adsorbent dose, higher than 0.5 g, the percentage uptake increased only slightly and 

therefore 0.5 g was taken as the optimum dose when the adsorbents were contacted with 100 

mg/dm3 of As(III) solution at pH 8 for 2 hrs. 

 

5.3.3 Kinetics studies - effect of concentration 

5.3.3.1 Kinetic modelling 

5.3.3.1.1 Pseudo first and pseudo second order model 

The effect of As(III) initial concentration on the uptake of As(III) from aqueous solution onto 

NTP and NTP-NC was studied by conducting batch kinetic experiments and plotting the kinetic 

data of the amount of As(III) adsorbed (mg/g) versus time (min). The kinetic data were then 

modelled according to the Lagergren’s (1989) pseudo first-order and the Ho and Ofomaja 

(2006) pseudo second-order models expressed by Eqs. (5.6) and (5.9) respectively. In the 

model equations, the parameters qe (mg/g) are the maximum (equilibrium) capacities per gram 

of adsorbent and k1 (min-1) and k2 (g/mg min) are the kinetic rate constants. The parameters 

obtained are presented in Table 5.7 a and b. Results from error determination for pseudo first-

order shows a coefficient of determination, r2 > 0.988 and % variable error < 34.08 for NTP 

and r2 > 0.987 and % variable error < 65.13 for NTP-NC (Table 5.7a and b). For the pseudo 

second-order NTP had coefficient of determination, r2 > 0.996 and % variable error < 5.70 and 

NTP-NC had r2 > 0.994 and % variable error < 12.28 for NTP-NC (Table 5.7a and b). 
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Figure 5.20: The effect of As(III) adsorbent dose for (a) NTP and (b) NTP-NC 
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Table 5.7 a: Kinetic data for As(III) adsorption onto NTP 

Kinetic model 25 mg/dm3 50 mg/dm3 75 mg/dm3 100 mg/dm3 150 mg/dm3 

NTP      

Pseudo first-order      

Model q (mg/g) 1.97 4.13 5.89 9.19 13.06 

k1 (min-1) 0.0409 0.0829 0.1286 0.2581 0.3460 

r2 0.9941 0.9947 0.9927 0.9887 0.9872 

%Variable Error 0.39 1.93 5.02 16.68 34.08 

      

Pseudo second-order      

Model q (mg/g) 2.42 4.80 6.69 9.96 13.89 

k2 (g mg/min) 0.0176 0.0197 0.0219 0.0328 0.0347 

h (mg/g min) 0.103 0.454 0.980 3.254 6.694 

r2 0.9956 0.9994 0.9970 0.9961 0.9988 

Variable Error 0.29 1.91 2.06 5.70 3.14 
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Table 5.7 b: Kinetic data for As(III) adsorption onto NTP-NC 

Kinetic model 25 mg/dm3 50 mg/dm3 75 mg/dm3 100 mg/dm3 150 mg/dm3 

NTP-NC      

Pseudo-first order      

Model q (mg/g) 4.61 8.58 10.95 13.32 15.88 

k1 (min-1) 0.0852 0.1847 0.2816 0.3689 0.5053 

r2 0.9926 0.9899 0.9906 0.9943 0.9876 

%Variable Error 3.22 12.74 19.50 15.97 65.13 

      

Pseudo-second 

order 

     

Model q (mg/g) 5.35 8.99 11.81 11.81 16.74 

k2 (g mg/min) 0.0182 0.0246 0.0306 0.0363 0.0451 

h (mg/g min) 0.521 1.948 4.268 7.278 12.638 

r2 0.9939 0.9968 0.9976 0.9964 0.9979 

Variable Error 2.67 3.91 5.04 12.28 7.52 
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These results reveal that both the pseudo-first and second-order models can describe the kinetic 

data but the pseudo second-order model can better describe the kinetic data. The fit of the 

kinetic models to the experimental data was also tested by plotting the predicted adsorption 

capacities for each model against the experimental data. Figs. 5.21 a and b shows the predicted 

adsorption capacities at different time intervals (at 150 mg/dm3 As(III)) compared with the 

experimental data for pseudo first and second-order models. The results were shown to be in 

line with that predicted by the error measurement methods. Tables 5.7 a and b shows the kinetic 

model constants of the pseudo-first and second-order models for As(III) adsorption onto NTP 

and NTP-NC. The results indicate higher adsorption capacities for NTP-NC than for NTP at 

all initial concentrations. The As(III) adsorption capacities increased rapidly for both 

adsorbents at the beginning of the adsorption period up to the first 30 min and thereafter the 

rapid uptake reduced and became almost constant probably due to site saturation (Nashine and 

Tembhurkar, 2016). Increase in initial As(III) concentrations produced an increase in As(III) 

adsorption for both adsorbents. This suggests that As(III) adsorption may be driven by 

concentration driving force to the adsorbent surfaces (Vieira et al., 2017a). Higher pseudo 

second-order rate constants and initial adsorption rate were observed for NTP-NC than for 

NTP. This can be attributed to additional adsorption sites created by iron oxide on the adsorbent 

surface and the higher affinity of Iron oxide for As(III) interaction. He at al. (2018) observed a 

rapid increase in As adsorption rate and capacity in the adsorption of As onto biochar modified 

with magnetite nanoparticles, as compared with the native biochar. The authors, He et al. 

(2018), also noted that an increase in the % magnetite in the composite lead to increased 

adsorption rate and capacity which they attributed to adsorption sites on magnetite 

nanoparticles.   

 

5.3.3.2 Intraparticle model  

5.3.3.2.1 Intraparticle diffusion 

The rate determining step of many As(III,V) adsorption systems employing iron oxide 

modified adsorbents have been tested using the intraparticle diffusion model (Cheng et al., 

2016b, Liu et al., 2018a). The intraparticle equation according to Weber and Morris (1963) is 

given in Eq.(5.11) and the intraparticle diffusion plots for the adsorption of As(III) onto NTP 

and NTP-NC are shown in Figs.5.22 a and b while the model parameters shown in Tables 5.8.a 

and b. 
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Figure 5.21: Kinetics models for As(III) adsorption using NTP and NTP-NC. 
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Figs.5.22 A and B shows that the adsorption profile for As(III) adsorption onto NTP and NTP-

NC did not pass through the origin, indicating that intraparticle diffusion is not solely rate 

limiting but can be separated into two stages. The first initial rapid step represents external 

surface adsorption in which surface adsorption is rate-determining while the second almost 

horizontal step represents the adsorption equilibrium stage. Table 5.8A and B shows that the 

values of ki were higher for NTP-NC than for NTP and also the values of ki increased with 

increasing As(III) concentration for NTP but decreased with increasing As(III) concentration 

for NTP-NC. The higher ki values for NTP-NC can be attributed to the larger surface and higher 

number of active sites produced by the incorporation of magnetite nanoparticles on NTP. This 

then increases As(III) to penetrate into the adsorbent.  

 

This explanation is supported by the higher pseudo second-order rate constant, initial sorption 

rate and higher adsorption capacity of NTP-NC over NTP. As As(III) concentration is 

increased from 25 to 150 mg/dm3, the value of ki for NTP-NC was observed to reduce. The 

decrease in ki with increase in concentration can be due to (i) rapid uptake rate leading to 

exhaustion of adsorption sites within pores, (ii) the repulsion on magnetite due to surface 

saturation and (iii) rapid reduction of As(III) concentration in solution (Leone et al., 2018). On 

the other hand, the slower As(III) uptake rate onto NTP led to faster diffusion into pores which 

caused an increase in ki with increase in concentration in bulk solution. Iron oxide nanoparticles 

are known to have dominant external surfaces over internal surface and most of its adsorption 

sites are located on its external surface (Mejia-Santillan et al., 2018). Therefore, NTP-NC will 

have high magnitude of surface reactions and compared with NTP and as As(III) concentration 

increases in solution, the magnitude of surface reaction will increase 

 

5.3.3.2.2 Pore and film diffusion 

Because of the double nature of intra-particle diffusion which confirms the presence of both 

film and pore diffusion, in order to determine the actual rate determining step for As(III) 

adsorption onto NTP and NTP-NC bio-composite, kinetic data were further analyzed using the 

fractional uptake and Boyd model.  
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Figure 5.22: Intraparticle diffusion of As(III) adsorption onto (a) NTP and (b) NTP-NC at different concentration 
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Table 5.8 a: Intraparticle model data for As(III) adsorption onto NTP 

Kinetic model 25 mg/dm3 50 mg/dm3 75 mg/dm3 100 mg/dm3 150 mg/dm3 

NTP      

Intraparticle Diffusion model      

ki (mg g-1 min-0.5) 0.1028 0.1065 0.1103 0.1187 0.1240 

C 0.896 3.160 5.036 8.453 12.396 

r2 0.9975 0.9880 0.9119 0.9985 0.9841 

Film Diffusion      

D1 (cm2/s) 1.43 x10-14 1.63 x10-14 1.72 x10-14 1.82 x10-14 1.93 x10-14 

r2 0.9932 0.9532 0.9632 0.9854 0.9125 

      

Pore Diffusion      

D2 (cm2/s) 1.16 x10-13 1.19 x10-13 2.12 x10-13 2.23 x10-13 2.30 x10-13 

r2 0.9884 0.9124 0.9822 0.9425 0.93335 
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Table 5.8 b: Intraparticle model data for As(III) adsorption onto NTP-NC 

Kinetic model 25 mg/dm3 50 mg/dm3 75 mg/dm3 100 mg/dm3 150 mg/dm3 

NTP-NC      

Intraparticle 

Diffusion model 

     

ki (mg/ g min) 0.1250 0.1242 0.1230 0.1021 0.0991 

C 3.481 7.245 10.233 12.758 15.529 

r2 0.9043 0.9851 0.9964 0.9687 0.9981 

      

Film Diffusion      

D1 (cm2/s) 2.22 x10-14 2.26 x10-14 2.33 x10-14 2.35 x10-14 2.36 x10-14 

r2 0.9477 0.9631 0.9278 0.9129 0.9099 

      

Pore Diffusion      

D2 (cm2/s) 1.59 x10-13 1.61 x10-13 1.75 x10-13 1.76 x10-13 1.83 x10-13 

r2 0.9681 0.9294 0.9778 0.9394 0.9449 
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The fractional plots of qt/qe against t0.5 in Fig. 5.23 A and B for As(III) adsorption onto NTP 

and NTP-NC, show two sections in the curves. The plots show the initial rapid stage followed 

by a slow uptake with time. The film diffusion coefficient (D1) values for both the NTP and 

NTP-NC bio-composite different initial concentrations of As(III) were calculated from the 

gradient of the plots of qt/qe against t0.5 and the values are presented in Table 5.8 a and b, 

respectively. 

The Bt values at different contact times were calculated using the Eq.(5.17) and the calculated 

Bt values were plotted against time t as shown in Fig.5.24 A and B. The plots from Fig. 5.24 a 

and b were observed to be linear but did not pass through the origin, confirming that external 

mass transport mainly governs the sorption process for the studies initial concentrations. The 

calculated values of the film diffusion coefficients, D1, were observed to increase from 

1.43x10-14 to 1.9x10-14 cm2/s for NTP and from 2.22x10-14 to 2.36x10-14 cm2/s for NTP-NC 

with increase in initial concentration. The pore diffusion coefficients, D2 were also seen to 

increase from 1.16x10-13 to 2.30x10-13 cm2/s for NTP and from 1.59x10-13 to 1.83x10-13 cm2/s 

for NTP-NC as the initial concentration was increased from 25 to 150 mg/dm3. Both the film 

and pore diffusion coefficient increased with increase in initial concentration of As(III) for both 

NTP and NTP-NC, due to the increase in concentration gradient between the bulk solution and 

biosorbents surface. NTP-NC bio-composite was seen to have higher film diffusion 

coefficients than NTP suggesting that surface modification enhanced diffusion across the 

boundary. Pore diffusion coefficient values for NTP-NC on the other hand, were seen to be 

higher than values for NTP biosorbent only at lower concentration (25 and 50 mg/dm3) and 

lower as initial concentration increases from 75 to 150 mg/dm3 concentrations. Higher pore 

diffusion coefficient, D2, values were observed for both NTP and NTP-NC suggesting that pore 

diffusion controls the adsorption process. 
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Figure 5.23: Fractional uptake of As(III) adsorption onto (A) NTP and (B) NTP-NC at different concentrations. 
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Figure 5.24: Boyd plot for As(III) adsorption onto (A) NTP and (B) NTP-NC at different concentration. 
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5.3.4 Kinetics studies - Effect of temperature  

5.3.4.1 Kinetic modelling 

5.3.4.1.1 Pseudo first and pseudo second order kinetic models 

The kinetics of As(III) adsorption onto NTP and NTP-NC was performed at different 

temperatures and modelled using the non-linear forms of the pseudo first and pseudo-second 

order kinetic models: The results in Table 5.9 a and b shows the error determination as 

measured by correlation coefficient, r2 and % variable error for As(III) adsorption onto NTP 

and NTP-NC bio-composite. Error measurements for pseudo first-order model were r2 > 0.953 

and % variable error < 248 for NTP and r2 > 0.95 and % variable error < 290 for NTP-NC, 

while for pseudo second-order, r2 > 0.995 and % variable error < 24.76 for NTP and r2 > 0.996 

and % variable error < 25 for NTP-NC were observed. These results indicate that the pseudo-

second order model describes the adsorption of As(III) better than the pseudo first order model 

for both NTP and NTP-NC.  The pseudo-second-order rate constant, k2 and initial sorption 

rates, h were observed to increase with an increase in temperature from 299 to 319 K for both 

NTP and NTP-NC. The increase in As(III) capacity, pseudo second-order rate and initial 

sorption rate constant with temperature can be attributed to increased mobility of As(III) ions 

in solution with increasing temperature and the larger surface area (Karthick et al., 2017). 

Increasing temperature may produce a swelling effect within the internal structure of the NTP 

enabling As(III) ions to penetrate through. Increasing the temperature would also decrease the 

viscosity of the solution which enhanced the rate of diffusion of the As(III) ions across the 

external boundary layer of the NTP resulting in higher biosorption efficiency (Nassar, 2010). 
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Table 5.9 a: Kinetic data for As(III) adsorption onto NTP 

Kinetic model 299 K 304 K 309 K 313 K 319 K 

PCP      

Pseudo first-order      

Model q (mg/g) 13.06 14.38 16.83 18.88 20.58 

k1 (min-1) 0.3460 0.4057 0.5138 0.6675 0.8975 

r2 0.9872 0.9654 0.9598 0.9572 0.9535 

%Variable Error 34.08 102.73 155.76 200.85 248.45 

      

Pseudo second-order      

Model q (mg/g) 13.89 15.15 17.66 19.83 21.66 

k2 (g/mg min) 0.0347 0.0405 0.0461 0.0545 0.0672 

h (mg/g min) 6.694 9.296 14.377 21.431 31.527 

r2 0.9988 0.9938 0.9919 0.9943 0.9954 

%Variable Error 3.14 18.47 31.51 26.43 24.76 
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Table 5.9 b: Kinetic data for As(III) adsorption onto NTP-NC 

Kinetic model 299 K 304 K 309 K 313 K 319 K 

NTP-NC      

Pseudo first-order      

Model q (mg/g) 15.58 18.63 21.76 23.39 25.68 

k1 (min-1) 0.5013 0.6362 0.8636 0.0932 1.2957 

r2 0.9822 0.9506 0.9672 0.9573 0.9654 

%Variable Error 65.13 99.64 217.35 290.33 278.88 

      

Pseudo second-order      

Model q (mg/g) 16.74 19.58 22.33 24.62 27.01 

k2 (g/mg min) 0.0451 0.0512 0.0636 0.0726 0.0789 

h (mg/g min) 12.638 19.629 31.713 44.006 57.561 

r2 0.9975 0.9964 0.9962 0.9966 0.9979 

Variable Error 7.52 16.58 24.63 25.19 16.69 
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5.3.4.1.2 Activation energy 

The increase in As(III) capacity with temperature also suggests that the adsorption process is 

endothermic. Since the relationship between the pseudo second-order rate constant, k2 and 

reaction temperature was linear, k2 was then plotted as a function of temperature using the 

Arrhenius expression (eq 5.20). The activation energy was then obtained from the slope of the 

plot of ln(k2) versus 1/T. The plot was observed to be linear with r2 of 0.9922 and activation 

energy of 26.24 kJ/mol for NTP and r2 of 0.9922 and activation energy of 23.78 kJ/mol for 

NTP-NC. The rate limiting step of a heterogeneous reaction can be chemical reaction at the 

surface or diffusion of the reactant (Lien and Zhang, 2007). Surface controlled reactions in 

solutions have activation energies that are greater than 29 kJ/mol while diffusion-controlled 

reactions have lower activation energies between 8 to 21 kJ/mol (Cheng et al., 1997). The 

results show activation energy to be between 21 and 29 kJ/mol, meaning the rate-limiting step 

for NTP and NTP-NC is complex, a mixture between surface and diffusion control. The 

activation energies of NTP-NC were closer to diffusion controlled (23.78 kJ/mol).  

 

5.3.4.2 Diffusion modelling 

5.3.4.2.1 Intraparticle diffusion 

Intraparticle plot of qt versus t0.5 in Fig 5.25 a and b was rapid at the initial rapid stage followed 

by slower stage at which adsorption was almost constant. The straight line did not pass through 

the origin, indicating that intraparticle diffusion was not solely rate-limiting. The nature of the 

intraparticle diffusion plots suggests that both film and particle diffusion influences As(II) 

adsorption (Banerjee and Chattopadhyaya, 2017). The values of ki and C were obtained from 

the slope and the intercept of the linear plot of q versus t0.5 (Fig. 5.25 A and B) and are shown 

in Table 5.10 a and b. The value of ki was observed to increase from 0.1240 mg g-1 min-0.5 to 

0.1411 mg g-1 min-0.5 as temperature rise from 299 to 319 K for NTP and decrease from 0.0969 

mg g-1 min-0.5 to 0.0689 mg g-1 min-0.5 for NTP-NC.  
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Figure 5.25: Intraparticle diffusion of As(III) adsorption onto (A) NTP and (B) NTP-NC 
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Table 5.10 a: Intraparticle model data for As(III) adsorption onto NTP 

Kinetic model 299 K 304 K 309 K 313 K 319 K 

NTP      

      

Intraparticle Diffusion model      

Kp (mg g-1 min-0.5) 0.1240 0.1327 0.1395 0.1406 0.1411 

C 12.396 13.723 16.251 18.476 20.449 

r2 0.9841 0.9905 0.9957 0.9914 0.9958 

      

Film Diffusion      

D1 (cm2/s) 1.43 x10-14 1.57 x10-14 1.74 x10-14 1.90 x10-14 1.96 x10-14 

r2 0.9932 0.9864 0.9929 0.9909 0.9751 

      

Pore Diffusion      

D2 (cm2/s) 1.66 x10-13 1.60 x10-13 1.47 x10-13 1.43 x10-13 1.37 x10-13 

r2 0.9884 0.9908 0.9938 0.9853 0.9669 
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Table 5.10 b: Intraparticle model data for As(III) adsorption onto NTP-NC 

Kinetic model 299 K 304 K 309 K 313 K 319 K 

NTP-NC      

Intraparticle Diffusion model      

ki (mg g-1 min-0.5) 0.0998 0.0719 0.0518 0.0704 0.0689 

C 15.529 18.542 21.720 23.960 26.357 

r2 0.9981 0.9715 0.9286 0.9997 0.9997 

      

Film Diffusion      

D1 (cm2/s) 2.22 x10-14 2.32 x10-14 2.38 x10-14 2.41 x10-14 2.48 x10-14 

r2 0.9477 0.9422 0.9776 0.9650 0.9304 

      

Pore Diffusion      

D2 (cm2/s) 1.59 x10-13 1.57 x10-13 1.43 x10-13 1.36 x10-13 1.32 x10-13 

r2 0.9681 0.9949 0.9938 0.9918 0.9783 
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The increasing values of ki with temperature have been reported to be attributed to increased 

mobility of As(III) into the inner structure of pine cone biosorbent (Ofomaja et al., 2010a). On 

the other hand, the decreasing value of ki with temperature for NTP-NC is attributed to rapid 

surface reaction with increasing temperature (Hao et al., 2014). The magnitude of the constant, 

C increased with temperature for both NTP and NTP-NC suggesting greater participation of 

surface adsorption and activation of adsorption sites with increase in temperature.  

 

5.3.4.3 Film and Pore diffusion 

According to (Mittal et al., 2007), the participation of film diffusion is greater when external 

transport becomes greater than internal transport and pore diffusion participates more when 

internal diffusion is greater than external diffusion. To evaluate the extent of the participation 

of film and pore diffusion in the adsorption process, fractional uptake and Boyd plot were 

conducted. The plots of fractional uptake of As(III) onto NTP and NTP-NC versus t0.5 are 

shown in Fig. 5.26a and b, respectively. The plot can be separated into two sections which are 

the initial rapid period and a slow and almost constant stage which is similar to the intraparticle 

diffusion profile. The values of the film diffusion constant, D1 at different temperatures were 

then calculated from the slope of the plot of qt/qe versus time and recorded in Table 5.10 a and 

b.  

The value of Bt at different temperatures was calculated from Eq.(5.17) and plotted against t 

for the different temperatures to identify if the rate of As(III) adsorption onto NTP and NTP-

NC is controlled by external or pore diffusion. The plots in Fig. 5.27 did not pass through the 

origin suggesting that external mass transfer is rate-limiting at the initial stages of the 

adsorption process. The lines were close to the intercept suggesting greater participation of 

external mass transfer at the initial stage of adsorption. The values of B at different temperatures 

was calculated from the slope of the plot of Bt versus t and the pore diffusion coefficient, D2 

determined using Eq.(5.18). 
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Figure 5.26: Fractional uptake of As(III) onto (A) NTP and (B) NTP-NC versus t0.5 at different temperature.
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The calculated values of film diffusion, D1 and pore diffusion, D2 coefficients for NTP and 

NTP-NC at different temperatures are shown in Table 5.10 a and b, respectively. The results 

show that the coefficient of film diffusion, D1 increased from 1.43 x10-14 to 1.96 x10-14 cm2/s 

for NTP and from 2.22 x10-14 to 2.48 x10-14 cm2/s NTP-NC with increasing temperature. The 

increase in D1 with temperature can be attributed to increase in the mobility of As(III) ions due 

to retarding forces acting on the As(III) diffusion (Banerjee and Chattopadhyaya, 2017). Santra 

and Sarkar. 2016 also observed an increase in D1 with temperature in the adsorption of As onto 

cerium oxide loaded cellulose nanoparticle beads. The values of pore diffusion coefficients D2 

also shown in Tables 5.10 a and b, respectively, were found to reduce with increasing 

temperature from 1.66 x10-13 to 1.37 x10-13 cm2/s for NTP and from 1.59 x10-13 to 1.32 x10-13 

cm2/s for NTP-NC. The reduction of D2 with temperature can be attributed to increased surface 

reaction as temperature is increased. Though the pore diffusion coefficient values were 

observed to reduce with temperature, they were seen to be higher than the film diffusion 

coefficients. 
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Figure 5.27: Boyd plot for As(III) adsorption onto (A) NTP and (B) NTP-NC at different temperature. 
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5.3.5 Equilibrium isotherm of As(III) adsorption 

The adsorption type and the description of the relationship between the adsorbate in solution 

and that on the adsorbent surface were obtained using three isotherm models, Langmuir, 

Freundlich, and Dubinin-Radushkevish isotherm models. Tables 5.11 a and b shows results for 

error analysis and isotherm constants for the isotherms applied at different temperatures in this 

study. It was observed that the Langmuir isotherm had coefficient of determination, r2 values 

> 0.999 and percentage variable < 7.44 and Freundlich isotherm had r2 > 0.920 and percentage 

variable < 665.09 for As(III) adsorption onto NTP. Langmuir isotherm for NTP-NC had 

coefficient of determination, r2 values > 0.996 and percentage variable < 41.15, while 

Freundlich isotherm had r2 > 0.908 and percentage variable < 1042.88. These results suggest 

that the Langmuir isotherm model provided better fitting of the experimental data than the 

Freundlich isotherm for As(III) adsorption onto both NTP and NTP-NC at all temperatures. 

This implies that the adsorption of As(III) onto NTP and NTP-NC follows monolayer 

adsorption of As(III) on the adsorption sites on the adsorbent surfaces. A plot of experimental 

data and equilibrium model capacities versus equilibrium concentration at 319 K were made to 

compare the fit of the predicted data to the experimental data and is shown in Figs. 5.28 A and 

B. The results in Figs. 5.28 A and B confirms the better fitting of the Langmuir isotherm model 

to the experimental data suggesting that the incorporation of magnetite to NTP provided 

increased number of sites for reaction to take place.  

The magnitude of Ka, is determined largely by the heat of adsorption, high Ka values indicates 

high heat of adsorption and therefore stronger bonds formed (Ofomaja et al., 2010). From the 

results, it was observed that Ka values for NTP-NC were all higher than for NTP and the values 

for Ka increased with increasing solution temperature. These results indicate that the bonding 

between NTP-NC and As(III) were stronger than those found between NTP and As(III). The 

adsorption type between As(III) and the various adsorbents was determined by applying the D-

R isotherm. The coefficient of correlation, r2 > 0.99 and the percentage variable error < 50.33 

shows that the isotherm model described the experimental data to a reasonable extent. The 

calculated values for the isotherm constants can be seen in Tables 5.11 A and B. The saturation 

capacities were observed to be higher for NTP-NC than for NTP and both increased with 

increasing solution temperatures. The values of adsorption energies were higher for NTP than 

for NTP-NC and both reduced with increasing solution temperatures.  

 



182 
 

Table 5.11 a: Equilibrium data for As(III) adsorption onto NTP 

Isotherm model 299 K 303 K 309 K 313 K 319 K 

NTP      

Langmuir      

 q (mg/g) 14.83 16.44 19.75 20.79 22.33 

Ka (dm3/mg) 0.1025 0.2217 0.3238 0.5114 0.8745 

r2 0.9997 0.9988 0.9993 0.9990 0.9991 

%Variable Error 0.93 4.93 3.82 7.05 7.44 

      

Freundlich      

n 3.28 4.07 4.17 4.38 4.73 
3 1( / )( / ) n

FK mg g dm mg  
3.661 5.762 7.280 8.870 10.777 

r2 0.9711 0.9493 0.9440 0.9323 0.9208 

%Variable Error 85.21 210.80 332.80 480.29 665.09 

      

      

Dubinin–Radushkevich      

qs (mol/g) 2.01 × 10-4 2.89 × 10-4 3.10 × 10-4 2.77 × 10-4 3.42 × 10-4 

β (mol2/J2) 3.62 × 10-9 2.59 × 10-9 2,86 × 10-9 2.66 × 10-9 2.40 × 10-9 

E (kJ/mol) 11.7 13.0 13.2 13.7 14.4 

r2 0.9962 0.9965 0.9972 0.9966 0.9977 

%Variable Error 9.36 8.88 9.35 8.44 7.98 
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Table 5.11 b: Equilibrium data for As(III) adsorption onto NTP-NC 

Isotherm model 299 K 303 K 309 K 313 K 319 K 

NTP-NC      

Langmuir      

 q (mg/g) 18.02 20.53 22.11 24.04 26.98 

Ka (dm3/mg) 0.1845 0.3587 0.6382 0.8881 1.6673 

r2 0.9991 0.9960 0.9991 0.9992 0.9964 

%Variable Error 4.21 26.99 7.18 7.66 41.15 

      

Freundlich      

n 3.57 4.01 4.28 4.40 4.49 
3 1( / )( / ) n

FK mg g dm mg  
5.508 7.840 9.763 11.435 14.730 

r2 0.9591 0.9372 0.9466 0.9227 0.9089 

%Variable Error 195.82 419.07 434.56 729.52 1042.88 

      

Dubinin–Radushkevich       

qs (mol/g) 2.54 × 10-4 2.89 × 10-4 3.39 × 10-4 3.63 × 10-4 3.74 × 10-4 

β (mol2/J2) 3.31 × 10-9 2.88 × 10-9 2.42 × 10-9 2.33 × 10-9 2.14 × 10-9 

E (kJ/mol) 12.13 13.30 14.40 14.60 15.30 

r2 0.9987 0.9980 0.9979 0.9985 0.9981 

%Variable Error 7.76 7.68 7.88 8.07 8.55 
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Figure 5.28: Comparison of predicted Equilibrium model data with experimental data for (A) NTP and (B) NTP-NC.
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Finally, the mean free energy of adsorption, E, were higher for NTP-NC than for NTP and both 

increased with increasing solution temperatures. The values of E were found to be between 

11.7 to 14.4 kJ/mol for NTP and between 12.13 to 15.30 kJ/mol for NTP-NC indicating that 

the adsorption process was ion-exchange for As(III) adsorption onto both adsorbents and the 

ion-exchange was stronger for NTP-NC than for NTP. Several studies have also shown the 

As(III) adsorption onto other magnetic materials followed ion-exchange process (Hu et al., 

2017, Huo et al., 2018, Saleh et al., 2016). A comparison of monolayer adsorption capacities 

of NTP and NTP-NC with other adsorbents for As(III) is shown in Table 5.12 and both 

adsorbents seem to be comparable with other adsorbents applied for As(III) removal.  
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Table 5.12: Comparison of As(III) adsorption capacity onto different adsorbents                  

Adsorbents Conc. (mg/dm3) pH Dose Adsorption capacity Reference 

Saccharum officinarum bagasse 50 -500 µg/dm3 7 1.5 g/dm3 1.20 mg/g Gupta et al., 2015 

Azadirachta indica (neem) bark powder 50 – 500 µg/dm3 7 1.5 g/dm3 0.17 mg/g Roy et al., 2017 

Sugarcane Bagasse 50 -75 mg/dm3 7 1.5 g/dm3 11.90 mg/g Tajernia et al., 2014 

Hydrilla verticilata 100 µg/dm3 7 1.5 g/dm3 11.65 mg/g Nigam et al., 2013 

Raw pine cone biochar 100 µg/dm3 4 5.0 g/dm3 0.0075 mg/g Vinh et al., 2015 

NTP 25 -150 mg/dm3 8 5.0 g/dm3 9.74 mg/g This study 

      

Magnetic Wheat Straw 1 – 28 mg/dm3 8 5.0 g/dm3 3.90 mg/g Tian et al., 2011 

Iron/Olivine composite 1-10 mg/dm3 7 3.0 g/dm3 2.83 mg/g Ghosal et al., 2018 

Fe(III)-treated Staphylococcus xylosus 10 – 300 mg/dm3 7 3.0 g/dm3 5.93 mg/g Aryal et a., 2010 

Iron oxide coated seed 1 – 40 mg/dm3 7 10.0 g/dm3 4.00 mg/g Vieira et al., 2017 

Magnetite-Reduced Graphene Oxide 3 – 7 mg/dm3 7 0.2 g/dm3 13.01 mg/g Chandra et al., 2010 

NTP-NC 25 -150 mg/dm3 8 5.0 g/dm3 13.86 mg/g This study 
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5.3.6 Thermodynamics of As(III) adsorption onto NTP and NTP-NC 

The thermodynamics of As(III) adsorption onto NTP and NTP-NC space was determined using 

the expressions. The calculated values of free energy, ΔG, ranged from -22.2 to -29.7 kJ/mol 

for NTP and between -23.7 to -31.1 kJ/mol for NTP-NC with increasing solution temperature 

respectively (Table 5.13). The results show that the values of ΔG for both samples were 

negative at all temperatures indicating the thermodynamic feasibility and spontaneous nature 

of the adsorption. The feasibility of the adsorption process was also found to be higher for 

NTP-NC than for NTP meaning that the adsorptive forces for NTP-NC are stronger than those 

of NTP to overcome the potential barrier. The values of ΔH for NTP and NTP-NC were 

calculated to be 81.34 and 84.27 kJ/mol suggesting that the adsorption process is endothermic 

in nature at the reaction temperatures investigated. The values of ΔS for NTP and NTP-NC 

were calculated to be 347.19 and 361.57 J/mol K indicating a release of orderly structured 

hydration water and increase in the randomness at the solid/solution interface during the 

adsorption process (Meng et al., 2017a).  

 

5.3.7 Adsorption mechanism 

Several results obtained from these experiments points to the probable mechanism of As(III) 

adsorption onto NTP and NTP-NC. These results include (1) the higher As(III) removal 

capacity at solution pH of 8 at which both the predominant arsenic species and the surface 

charge on the adsorbent were close or actually neutral, (2) the value of the Dubinin-

Radushkevish mean free Energy, E which was in the range of 8 and 16 kJ/mol. Therefore, to 

confirm this mechanism, (i) the FTIR spectra before and after As(III) adsorption, (ii) XPS 

before and after As(III) adsorption, (iii) point zero charge before and after As(III) adsorption 

and the displacement of adsorbed nitrate ions on NTP-NC were performed.  
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Table 5.13: Thermodynamics parameters of As(III) adsorption onto NTP and NTP-NC 

Adsorbent Temperature 

(K) 

ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol K) 

NTP 299 -22.2   

 301 -24.6   

 309 -25.9 81.34 347.19 

 314 -27.6   

 319 -29.7   

     

NTP-NC 299 -23.7   

 301 -25.8   

 309 -27.7 84.27 361.57 

 314 -29.0   

 319 -31.1   
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5.3.7.1 FTIR before and after As(III) adsorption  

FTIR spectrum of NTP before and after As(III) adsorption in Fig.5.29 a. shows shifting, 

increase and reduction of several peaks. The asymmetrical stretching vibration at 3330 cm-1 

was observed to have slightly increased in intensity and shifted to 3328 cm-1. The C-O-C 

stretching of alcohols and carboxylic acids at 1021 cm-1 and the aliphatic acid group due to 

deformation vibration of C=O at 1263 cm-1 were observed to have reduced in intensity and 

shifted to 1004 and 1268 cm-1, respectively. A peak representing As-O stretching at 809 cm-1 

was observed to have slightly shifted to 811 cm-1 after As(III) adsorption (Meng et al., 2017a). 

The results indicated that the carbonyl and hydroxyl groups on PCP biomaterial were mainly 

involved in the adsorption of As(III) and ion-exchange may be the possible biosorption 

mechanism that took place. Similar results were reported by Sari et al. (2009) for As(III) and 

As(V) biosorption from aqueous solution by macrofungus (Inonotus hispidus) biomass.  

Fig.5.29 b shows the FTIR spectra of NTP-NC before and after As(III) adsorption. The 

spectrum shows peaks at 3338, 2881, 1633, 1598, and 1052 cm-1 representing hydrogen bond 

stretching of α-cellulose, methylene -CH3, -CH2-, of cellulose (Subramanian et al., 2005) and 

C=O, C-O, C-O-C in lignin (Gupta and Nayak, 2012a). The peaks at 1027, 548 and 477 cm-1 

are attributed to Fe-O and Fe-OH (Reza and Ahmaruzzaman, 2015b) groups in NTP-NC. After 

As(III) adsorption, reduction and shift in peak intensities were observed for -OH stretching of 

α-cellulose from 3338 to 3289 cm-1, the C-O-C and Fe-O from 1052 and 1027 to 1021 and 

1000 cm-1 and Fe-OH peak from 477 to 448 cm-1. The shift in peak at 812 to 814 cm-1 have 

been attributed to the formation of As-O bond (Meng et al., 2017b). Several authors have 

concluded that this shift in peaks of oxygenated groups and especially to the peak at 814 cm-1 

accounts for the formation of As-O bonds (Meng et al., 2017b, Venkatesan and Narayanan, 

2018). 

 

5.3.7.2 XPS analysis before and after As(III) adsorption  

Further investigation on the chemical state of elements present in the NTP and NTP-NC 

materials and for elucidation of the As(III) binding mechanism onto the NTP and NTP-NC can 

be analysed by XPS analysis. The XPS analysis of NTP and NTP-NC before and after As(III) 

adsorption was performed and results shown in Fig. 5.30 a-f and Fig 5.31a-h, respectively. 
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Figure 5.29: (A) FTIR spectra of NTP and (B) NTP-NC before and after As(III) adsorption 
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The full spectrum, carbon (C 1s) and oxygen (O 1s) of NTP biomaterial before and after As(III) 

adsorption are shown in Fig. 5.30. (A-G). The XPS survey spectrum of NTP before and after 

As(III) adsorption in Fig 5.30 A and B, indicates the presence of two major peaks at binding 

energies 282 and 530 eV, corresponding to C 1s and O 1s, respectively. The deconvolution of 

C 1s peak before As(III) adsorption (Fig. 5.30 C), produces three peaks with binding energy of 

282.6, 284.3 and 285.9 eV, attributed to the carbon atoms in the forms of C-H, C-C (aromatic) 

and C-O (carbonyl), respectively (Zheng et al., 2009). The peaks were found to have shifted to 

higher binding energy after As(III) adsorption in Fig. 5.30 D. The C-H, C-C (aromatic) and C-

O peaks were observed to have shifted from 282.6, 284.3 and 285.9 eV to 283.2, 284.9 and 

287.2 eV, respectively, indicating that carbonyl groups are involved in As adsorption. From 

Fig. 5.30 E, the O 1s spectrum of the NTP before As(III) adsorption is composed of three 

component peaks at binding energies 529.1, 530.5 and 531.7 eV, which are respectively 

assigned to the M-O group, C-O functional group (Zheng et al., 2009) and C=O bonds (Toupin 

and Bélanger, 2008). The M-O peak may be due to the presence of Fe in the NTP biomaterial.  

 

The spectra for O 1s peak after As(III) adsorption in Fig. 5.30 F, show a disappearance of a 

peak at 529.1 eV and shifting of peaks attributed to C-O and C=O from 530.5 and 531.7 eV to 

530.8 and 531.8 eV. The shift in these peaks after As(III) adsorption confirm the inner-sphere 

adsorption of As(III) onto NTP. Similar observation has been reported by Cheng et al. (2016) 

using carbonaceous materials for As(V) and Cr(VI) adsorption. The authors reported a shift in 

binding energy after Cr(VI) adsorption and no shift after As(V) suggesting the inner sphere 

adsorption of Cr(VI) and outer sphere adsorption of As(V) on carbonaceous material. The O 

1s peaks appear broader after As(III) adsorption representing the As-O formation. Similar 

results were observed by Lim et al. 2009 on the uptake of arsenate by an alginate-encapsulated 

magnetic sorbent. The NTP after As(III) adsorption spectrum in Fig 5.30 G, shows a new peak 

at binding energy 46 eV corresponding to As(III) 3d confirming the As(III) adsorption onto 

NTP biomaterial surface (Mahanta and Chen, 2013).  The As 3d peak can be curve fitted into 

two peaks at binding energy 42.8 and 44.9 eV, with % concentration of 51.1 and 48.9 % 

corresponding to As(III) and As(V), respectively. This indicate that pine cone biomaterial was 

able to oxidize 48.9 % of As(III) to As(V). 
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Figure 5.30: Full spectra of NTP (A) Before As(III) adsorption, (B) after As(III) adsorption, C 1s spectra of NTP (C) before As(III) 

adsorption, (D) After As(III) adsorption, O 1s spectra of PCP (E) before As(III) adsorption, (F) After As(III) adsorption (G) As 3d peak after 

As(III) adsorption. 
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XPS survey spectra of NTP-NC before and after As(III) adsorption in Fig 5.31 A and B shows 

three major peaks at binding energies 284, 530 and 710 eV corresponding to C 1s, O 1s and Fe 

2p photoemissions, respectively. The spectrum for NTP-NC after As(III) adsorption was 

observed to have a new peak at binding energy 43.5 eV corresponding to As(III) 3d (Mahanta 

and Chen, 2013). The Fe 2p spectrum before and after As(III) adsorption are shown in Fig. 

5.31 C and D. Fig. 5.31 A shows two strong peaks at binding energies of 709.9 and 723.5, eV 

corresponding to Fe 2p3/2 and Fe 2p1/2, respectively, which can be attributed to magnetite (Yoon 

et al., 2017). The peak at binding energy of 709.9 eV before and after As(III) adsorption was 

curve fitted into two peaks with binding energies at 709.73 and 713.48 eV, assigned to Fe(II) 

and Fe(III), respectively (Wilson and Langell, 2014). The % atomic concentration of Fe(II) and 

Fe(III) on the NTP-NC before adsorption was 74.2 % Fe(II) and 25.8 % Fe (III), while after 

adsorption was 57.2 % Fe(II) and 42.8 % for Fe (III) respectively indicating that Fe(II) was 

partially oxidized to Fe(III).  

 

The O 1s spectrum of the NTP-NC adsorbent before As(III) adsorption (Fig. 5.31 E and F) is 

composed of three component peaks at 530.56 and 531.73 and 532.71 eV, which are 

respectively assigned to the Fe-O, the C-O group and the adsorbed water (H2O). The presence 

of the As-O peak after As(III) adsorption (Fig. 5.31 F) confirms the As(III) adsorption onto 

NTP-NC surface (Zhang et al., 2010, Yu et al., 2013). The surface hydroxyl peak and the 

carbonyl peak reduced after As(III) adsorption, indicating the decrease in the amount of 

hydroxyl group on the adsorbent surface during arsenic adsorption. The results also show that 

there was a shift in the O 1s peak before and after As(III) adsorption (Fig. 5.31 G). The XPS 

spectrum of As(III) 3d (Fig. 5.31 H) was observed to be composed of two characteristic peaks 

with binding energies of 42.9 and 43.9 eV with % concentration on 57.17 and 42.8 % 

corresponding to As(III) and As(V), respectively.  
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Figure 5.31: Full spectra of NTP-NC (A) Before As(III) adsorption, (B) after As(III) adsorption, Fe 2p spectra of NTP-NC (C) before As(III) 

adsorption, (D) After As(III) adsorption. O 1s spectra of NTP-NC (E) Before As(III) adsorption, (F) after As(III) adsorption, (G) O 1s 

spectra of NTP-NC before and after As(III) adsorption, (H) and As3d spectra of NTP-NC after As(III) adsorption.
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5.3.7.3 Point of zero charge before and after As(III) adsorption 

Since the adsorption of As(III) indicated the formation of inner sphere complex ion onto the 

NTP biomaterial and NTP-NC bio-composite, pHpzc of the PCP biomaterial before and after 

As(III) adsorption was conducted to confirm the mechanism and the results are shown in Fig. 

5.32. The values for pHpzc were found to be 5.69, 5.86, 4.33 and 4.26 for NTP, NTP-NC, NTP-

As(III) and NTP-NC-As(III) respectively. The shift of pHpzc to lower values when the 

adsorbent is As(III) loaded is typical of inner sphere complex ion-exchange reactions 

(Goldberg and Johnston, 2001). Therefore, the shift in pHpzc to lower values confirms the 

presence of inner sphere complex ion-exchange reactions in the adsorption of As(III) onto NTP 

and NTP-NC. 

 

Figure 5.32: pHpzc graph of NTP and NTP-NC before and after As(III) adsorption.  
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released and the As(III) adsorbed were measured and the results are recorded in Table 5.14. 

The results show an increase in 3NO
ions released as the initial As(III) concentration and the 

As(III) capacity increases for both NTP and NTP-NC materials. This suggests that ligand 

exchange took place between the 3NO
 and the As(III) anions. Similar observation between 

As(III) adsorbed and 2
4SO   released were made by Burton et al. (2009) and Wu et al. (2013) 

in the adsorption of As(III) onto Schwertmannite and Fe-based backwashing sludge 

respectively. Both group of authors studied the molar ratios of 
2
4SO 

released and As(III) 

adsorbed on Schwertmannite and Fe-based backwashing sludge defined as the As(III)/

2
4SO   exchange coefficient 2

4( )/
( )

As III SO
R  . The values of the exchange coefficients were 0.16 

to 0.31 for Schwertmannite and 0.11 to 0.25 for Fe-based backwashing sludge. In this study, 

the exchange coefficient 
3( )/

( )
As III NO

R   was determined as the ratio of 3NO
released to As(III) 

adsorbed. The values of exchange coefficient 
3( )/

( )
As III NO

R  ranged from 0.06 to 0.55 for NTP 

and from 0.11 to 0.74 for NTP-NC, which was comparable to the results of Burton et al. (2009) 

and (Wu et al., 2013). This suggested that 3NO
ions exchanged were located within the tunnels 

of NTP and NTP-NC and not only adsorbed on the surface.  

 

5.3.8 Effect of ionic strength  

The effect of ionic strength on the adsorption of As(III) onto NTP and NTP-NC was examined 

by contacting 0.5 g of NTP and NTP-NC with 100 mg/dm3 of As(III) containing 0, 0.01, 0.05, 

0.10, 0.15 and 0.20 mg/dm3 of NaNO3. The results shown in Fig. 5.33 reveal that there was a 

slight increase in the uptake of As(III) with increase in ionic strength of NaNO3 from 0 to 0.20 

mg/dm3. The increase in adsorption capacity was from 9.74 to 12.17 mg/g for NTP and 13.86 

to 17.42 mg/g for NTP-NC. This weak dependence on increase in ionic strength is suggestive 

of inner-sphere adsorption mechanism (Goldberg and Johnston, 2001). According to Zhang et 

al. (2015), inner-sphere exchange reactions are favoured by increase in ionic strength because 

the reduced dissociation constant, pKa, at higher ionic strength can cause surface hydroxyl to 

become more labile and easily displaced during exchange reactions (Selim and Sparks, 2001, 

Roy et al., 2017).  
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Table 5.14: Parameters for As(III)/  exchange processes for NTP and NTP-NC 

As(III) Init. Conc. (mg/dm3) Amt. of   released (mol/g) As(III) adsorbed (mol/g) As(III)/  exchange coefficient  

NTP    

0 0.00 0.00 0.00 

5 0,572488 0,033115 0,057845 

25 0,711176 0,102082 0,14354 

50 0,753104 0,234383 0,311223 

100 0,809547 0,448345 0,553822 

    

NTP-NC    

0 0.00 0.00 0.00 

5 0.47411 0.054378 0.114693 

25 0.62731 0.141324 0.225283 

50 0.68376 0.304925 0.445953 

100 0.84986 0.631741 0.743344 

 

 

 

 

 

3NO

3NO
3NO  

3( )/As III NO
R 



198 
 

The increase in adsorption capacity for NTP-NC over NTP when the concentration of the 

electrolyte was increased from 0 to 0.20 mg/dm3 suggests stronger participation of inner-sphere 

exchange reactions in NTP-NC than in NTP.  

 

Figure 5.33: Effect of NaNO3 ionic strength at different initial solution pH on the adsorption 

of As(III) onto NTP and NTP-NC nanocomposite. 
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In the case of NTP-NC, various increases in the presence of anions were from 13.86 mg/g to 

15.79 mg/g with 2
4SO  , 15.23 mg/g with 

2
3CO 

, 14.72 mg/g with 3NO
 and 16.88 mg/g 

with Cl anion. These results show that removal of As(III) with NTP and NTP-NC in the 

presence of 2
4SO  and Cl will aid the adsorption process. Wu et al. (2018) observed an 

increase in Arsenic adsorption onto graphene oxide/CuFe2O3 in the presence of Cl anions 

and Wu et al. (2013) also observed an increase in As(III) adsorption onto Fe-based 

backwashing sludge in the presence of 2
4SO  . The adsorption capacities of NTP and NTP-

NC for As(III) were found to reduce in the presence of 
3
4PO 

from 9.74 to 3.65 mg/g for NTP 

and from 13.86 to 5.67 mg/g for NTP-NC. The reason for this observation is that
3
4PO 

has 

similar molecular structure with arsenic ions (Li et al., 2017) and retain multi-hydroxyl groups 

in solution. These hydroxyl groups react in the same way as the hydroxyl groups on As(III) 

with surface groups of FeOH, ROH and COOH on NTP and NTP-NC, therefore strongly 

competes with As(III) for adsorption sites (Cheng et al., 2016). The percentage reduction in 

As(III) adsorption was higher for NTP-NC (40.91%) than for NTP (37.47%) suggesting the 

greater contribution of ion-exchange reaction in As(III) adsorption for NTP-NC than for NTP. 

 

 

Figure 5.34: Effect of competing ions on the adsorption of As(III) onto (a) NTP and (b) NTP-

NC bio-composite. 
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5.3.10 Desorption  

In order to design and optimize a biosorption processes for industrial application, it is important 

to elucidate the adsorption-desorption behavior of the adsorbents. Fig. 5.35 shows the plot of 

percentage As(III) desorption from the metal loaded adsorbents against the various desorbing 

agents. The results revealed that water is a poor desorbing agent for As(III) from NTP and 

NTP-NC suggesting that physical adsorption only slightly explain the binding mechanism. 

When 0.1 mg/dm3 of NaOH and HCl were applied as desorbing agents, the percentage As(III) 

desorbed was 68.34 % and 54.32 % for NTP, and 81.60 % and 65.98 % for NTP-NC 

respectively. Various studies have shown that NaOH and HCl are good desorbing agents for 

As(III) from magnetite modified adsorbents. Zhou et al. (2014) observed a 97 % desorption of 

As(III) from magnetic cellulose nanocomposite with 0.1 M HCl and  desorbed over 90 % of 

As(III) from γ-Fe2O3 modified SBA-15 using 0.1 M NaOH. These finding suggests that ion 

exchange reactions are responsible for As(III) binding onto NTP and NTP-NC. 

 

Figure 5.35: Desorption studies of As(III) from NTP and NTP-NC 
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5.3.11 Regeneration 

The regeneration efficiency of NTP and NTP-NC after five adsorption-desorption cycles is 

shown in Fig. 5.36. The results show that the As(III) adsorption capacities of NTP and NTP-

NC were observed to reduce gradually from 9.74 to 8.88, 7.99 and 6.02 mg/g for NTP and from 

13.86 to 12.89, 12.49 and 12.09 mg/g for NTP-NC respectively. These results suggest that 

NTP-NC was more stable over five adsorption-desorption cycles than NTP which can be 

attributed to stronger bonds formed between As(III) and NTP-NC. 

 

 

Figure 5.36: Recycling of NTP and NTP-NC after three cycles of adsorption/desorption 
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concentration (ΔH+) and amounts of total Cr, Cr(III) and Cr(VI) left in solution pointed to the 

fact that the mechanism of Cr(VI) removal was adsorption-coupled reduction mechanism 

which was slightly modified by the presence of magnetite coating. The good fit of the kinetic 

data to the pseudo-second-order model and the external mass transfer suggests that both 

external mass transfer and surface diffusion played an important role in the Cr(VI) adsorption 

process and their impact was stronger for NTP-NC than for NTP. The results of ΔH and ΔG 

indicate the exothermic and spontaneous nature of adsorption process on the surface of both 

NTP and NTP-NC bio-composite. For Cr(VI) adsorption results, , , had a 

negative effect while anion positively affected Cr(VI) adsorption onto both NTP and NTP-

NC bio-composite. Cr(VI) was better desorbed by NaOH and acetic acid for both NTP and 

NTP-NC. 

 

The results indicated that magnetite particles interacted with oxygenated groups of NaOH 

treated pine cone. Both the Langmuir and D-R isotherm showed that adsorption process was 

favourable at all temperatures, monolayer in nature and a ligand exchange process. 

Thermodynamic data indicated that the adsorption was spontaneous at all temperatures and 

endothermic in nature. FTIR evidence of ligand exchanged was observed as shifts in peaks at 

814 cm−1 representing As-O bonding while XPS confirms the formation As-O by the presence 

of As(III) and As(V) peaks after As(III) adsorption suggesting the oxidation of As (III) 

adsorbed on NTP and NTP-NC bio-composite. The reduction in pHpzc after As (III) adsorption, 

the trend in the displacement of 3NO
from 3NO

-loaded NTP and NTP-NC with increasing 

concentrations of As (III) along with the values of anion-exchange coefficient confirmed ligand 

ion exchange as the adsorption mechanism. Effect of ionic strength positively affected As(III) 

adsorption suggesting inner sphere adsorption mechanism while 
3
4PO 

 had a negative effect 

on the adsorption process. HCl and NaOH effectively desorbed As(III) from both samples and 

NTP-NC had better stability in five cycles of adsorption-desorption than NTP. Magnetite 

coated pine cone bio-composite is a promising adsorbent for removal of Cr(VI) and As(III) 

ions from aqueous solution. 

 

3
4PO  2

3CO  2
4SO 

Cl
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CHAPTER 6 

6 RESULTS AND DISCUSSION 

6.1 INTRODUCTION 

This chapter is divided into two sections. The first section covers the optimization of 

crosslinking magnetite coated pine cone (NTP-NC) with beta cyclodextrin (β-CD) using 

epichlorohydrin (EPI) and hexamethylene diisocyanate (HMDI) by response surface 

methodology (RSM). Characterization of the synthesized NTPNC-EPI-CD and NTPNC-

HMDI-CD using FTIR, TGA, XRD, TEM, VSM, pHpzc and BET surface area were conducted 

and discussed. The second part covers the application of NTPNC, NTPNC-EPI-CD and 

NTPNC-HMDI-CD for 4-nitrophenol (4-NP) adsorption from aqueous solution. Batch 

adsorption optimization, equilibrium studies, kinetic studies, and 4-nitrophenol mechanism 

were discussed. 

 

6.2 RESPONSE SURFACE METHODOLODY (RSM) 

Response surface methodology (RSM) is a collection of statistical and mathematical techniques 

useful for developing and optimizing processes in which a response of interest is influenced by 

several variables. The methodology generally involves three stages: (1) design and 

experiments, (2) response surface modelling via regression and (3) optimization. The model is 

mostly applied to reduce the number of experiments, save time and cost, determine the main 

effects of independent variables on response, and determine optimum conditions. RSM studies 

the effect of factors and their interactions involved in the optimization of the process 

(Hosseinpour et al., 2011). Central composite design (CCD), which is a proficient design 

utilized for sequential experimentation and offers realistic amount of data to test the goodness 

of fit and does not need remarkably huge number of design points, thus decreasing the total 

cost associated with the experiment, was used in designing the experiment. The method is 

suitable for fitting a quadratic surface and helps to optimize the effective parameters with a 

minimum number of experiments, as well as analysing the interaction between the parameters. 

6.2.1 Optimization of working parameters on NTPNC-CD-HMDI synthesis 

To synthesize an adsorbent that will be insoluble in nature, more effective for 4-NP adsorption 

and can be easily separated by a magnetic field, RSM technique was employed by design expert 
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software (version 10) to study the effects of experimental variables. Independent variables 

carefully chosen based on the synthesis procedure were the mass of cyclodextrin, catalyst 

(Dibutyltin dilaurate) volume, cross linker (HMDI) volume and the reaction temperature on 

cross linking of β-CD onto NTPNC using HMDI. % yield, % Fe in the nanocomposite and the 

4-nitrophenol adsorption capacity were selected as responses. 30 runs of experiment were 

designed including factorial, axial, and replications of centre point (that were used to determine 

the errors of design). The experimental design matrix and their responses are shown in Table 

6.1. Results were analysed using the software and a quadratic polynomial equation (Eq. 6.1) 

was used to study the interaction between the independent and dependent variables. 
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Where Y is the response variable, xi and xj are the coded variables which determine Y, b0 is the 

constant coefficient, bi is the linear coefficient, bij is the interaction coefficient and bii is the 

quadratic coefficient. The relationship between the responses and the independent variables, 

dibutyltin dilaurate volume (A), Cyclodextrin mass (B), temperature (C) and hexamethylene 

diisocyanate volume (D) and calculated as the sum of a constant, four first-order effects (terms 

in A, B, C and D), six interaction effects (AB, AC, AD, BC, BD and CD) and four second-

order effects (A2, B2, C2 and D2) are expressed. 

 

The mechanism that governs the β-CD crosslinking onto NTPNC may be of importance in 

explaining the effect of the synthesis variables on responses. β-CD have high chemically 

reactive hydroxyl groups in the glucose unit which can form number of linkages (Gallego et 

al., 2013b, Morin-Crini and Crini, 2013). Crosslinking of β-CD onto magnetite coated pine 

cone by 1,6 hexamethylene diisocyanate (HMDI) take place on the reactive hydroxy group on 

the CD and NTP-NC and the isocyanate group on HMDI. However, the reaction requires the 

initial activation of the nanocomposite which causes a swelling to allow access of the HMDI 

cross-linker to the matrix surface (Gafurov et al., 1970, Rozman et al., 2001). The isocyanate 

group (-N=C=O) will react with the OH nucleophile on the β-CD and NTPNC to form two 

amide linkages (-NH-C(O)-O-) because of its ability to co-ordinate with the hydrogen of the 

nucleophile according to the reaction in scheme 6.1. Catalysts are more effective in promoting 

this reaction and their activity have been reported to increase with basicity of the material (Silva 

and Bordado, 2004). The hydroxyl groups will allow direct substitution reactions to different 
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positions yielding various polymerized derivatives. The yield of the polymer is known to 

increase with the amount of diisocyanate content relative to β-CD.  

 

 

Scheme 6.1: Reaction pathway for the crosslinking of β-CD onto NTPNC using HMDI as a 

cross linker.  

 

6.2.1.1  Yield of the NTPNC-HMDI-CD nanocomposite 

To determine the efficiency of the crosslinking method and to estimate the cost of production 

of the nanocomposite, it is very important to take into consideration the % yield of the 

nanocomposite synthesised. The percentage yield of the NTPNC-HMDI-CD nanocomposite of 

30 experimental runs ranged from 20.96 to 48.09 % as shown in Table 6.1. The quadratic model 

was selected based on the highest order polynomial where the addition term is significant. After 

the data was subjected to multiple regression analysis of CCD, the quadratic equation 

describing the relationship between % iron and the synthesis variables (β-CD mass, HMDI 

volume, DBTDL volume and the reaction temperature) is shown in Eq.6.2: 

% Yield = + 35.66  + 2.09 A + 1.13 B + 3.53  C + 1.92 D + 11.53 A
2 

+ 1.99 B
2 

 - 11.88 C
2  

+ 

4.02 D
2

  - 0.81 AB - 0.49 AC - 0.71 AD + 0.67 BC + 3.26 BD + 0.72 CD  (6.2) 
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Table 6.1: Experimental design matrix and the response results 
Run  Variables    Responses  

 DBTDL 

volume (ml) 

CD mass 

(g) 

 Temp  

(o C) 

 HMDI volume 

(ml) 

% Yield Adsorption 

capacity (mg/g) 

 % Fe 

1 0.50 0.15 40.00 2.00 30.77 17.92 18.9 

2 0.50 0.15 60.00 2.00 39.93 21.6 23.9 

3 1.00 0.10 50.00 2.50 37.01 20.36 16.9 

4 1.50 0.05 40.00 2.00 42.75 12.56 32 

5 0.50 0.15 40.00 3.00 41.31 20.06 23.8 

6 1.00 0.10 60.00 2.50 26.21 20.62 16.5 

7 1.00 0.05 50.00 2.50 37 21.2 22.5 

8 1.00 0.15 50.00 2.50 37.92 20.94 14.1 

9 1.00 0.10 50.00 2.50 37.49 20.68 19.7 

10 0.50 0.10 50.00 2.50 45.9 10.86 19.5 

11 1.50 0.15 60.00 2.00 41.95 12.18 14.9 

12 0.50 0.05 40.00 2.00 35.63 7.9 22.8 

13 1.50 0.05 60.00 3.00 44.02 16.8 24 

14 0.50 0.15 60.00 3.00 52.55 9.38 22.1 

15 1.50 0.15 40.00 3.00 44.35 22.74 18.2 

16 1.00 0.10 50.00 2.50 32.86 18.1 15.7 

17 1.00 0.10 50.00 2.50 33.89 22 17.6 

18 1.50 0.10 50.00 2.50 48.09 12.56 20.21 

19 1.00 0.10 50.00 3.00 40.82 24.62 21.1 

20 0.50 0.05 60.00 2.00 39.29 21.64 30.2 

21 1.00 0.10 50.00 2.00 38.15 26.38 21.9 

22 1.50 0.15 60.00 3.00 52.99 6.42 10.7 

23 0.50 0.05 40.00 3.00 32.19 12.36 23.8 

24 1.00 0.10 40.00 2.50 20.96 22.02 15.1 

25 1.00 0.10 50.00 2.50 36.38 21.24 19.7 

26 1.50 0.15 40.00 2.00 36.5 16.62 16 

27 1.50 0.05 40.00 3.00 37.99 22 29.6 

28 0.50 0.05 60.00 3.00 41.23 11.92 23 

29 1.50 0.05 60.00 2.00 47.85 22.74 33.5 

30 1.00 0.10 50.00 2.50 37.45 20.96 18.5 
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After discarding the insignificant terms, the quadratic equation reflecting the empirical 

relationship between % yield and the synthesis variables (only significant terms with p < 0.05 

at 95% confidence level) are shown below: 

% Yield = + 35.66 + 2.09 A + 1.13 B + 3.53 C + 1.92 D + 11.53 A
2
 + 1.99 B

2  
 + 4.02 D

2 
 - 0.81 

AB + 3.26 BD   

The coefficient with larger amount controls the variable over the response while the sign before 

the coefficient indicate the nature of influence of variables on the response. Positive terms in 

the equation indicate a synergistic effect implying  a direct proportionality between factor and 

response while negative terms indicate the antagonistic effect implying inverse proportionality 

(Sarkar and Majumdar, 2011). The model equation obtained suggested that the catalyst volume 

(A), β-CD mass (B), temperature (C) and HMDI volume (D), second order effect of A2, B2 and 

D2, and interaction between β-CD mass and HMDI volume (BD) positively correlated to the 

NTPNC-HMDI-CD % yield. The interaction between the catalyst volume and the mass of β-

CD was observed to have a negative correlation with the NTPNC-HMDI-CD % yield. DBTDL 

volume was observed to be the most influential parameter to the NTPNC-HMDI-CD % yield 

indicated by the highest coefficient.  

 

The goodness of fitted model was assessed by coefficient of determination (R2). A high R2 

value, close to 1, implies the good statistical model. The R2 value of 0.9779 was obtained 

indicating that only 2.21 % of the total variation were not explained by the regression model. 

The adjusted R2 value of 0.9572 was obtained which is said to correct the R2 value for the 

sample size and the number of terms in the model (Yetilmezsoy et al., 2009). The lower value 

of the adjusted-R2 compared to R2 value indicate the goodness of data fit. The predicted R2 

value was obtained to be 0.9348 which was found to be in a reasonable agreement with the 

adjusted R2 of 0.9572. 

 

 

 

 

 



216 
 

Table 6.2:. F-values and Prob > F from analysis of variance for all responses 

 

Response % Yield 4-NP adsorption    % Iron 

 F value Prob  > F 

 

F value Prob  > F 

 

F value Prob  > F 

 

Model 47.38 < 0.0001 62.74 < 0.0001 49.08 < 0.0001 

A 38.63 < 0.0001 7.28 0.0165 3.70 0.0735 

B 11.23 0.0044 0.096 0.7611 291.02 < 0.0001 

C 109.89 < 0.0001 7.15 0.0173 0.092 0.7660 

D 32.61 < 0.0001 10.59 0.0053 14.85 0.0016 

A2 168.48 < 0.0001 249.37 < 0.0001 11.32 0.0043 

B2 5.03 0.0405 6.701E-

003 

0.9358 1.13 0.3036 

C2 179.09 < 0.0001 0.11 0.7402 6.92 0.0189 

D2 20.46 0.0004 54.07 < 0.0001 33.60 < 0.0001 

AB 5.20 0.0376 66.49 < 0.0001 122.49 < 0.0001 

AC 1.90 0.1883 33.13 < 0.0001 26.93 0.0001 

AD 3.95 0.0655 25.05 0.0002 6.15 0.0255 

BC 3.48 0.0819 144.04 < 0.0001 3.21 0.0935 

BD 83.16 < 0.0001 4.31 0.0556 19.44 0.0005 

CD 4.10 0.0610 211.58 < 0.0001 42.53 < 0.0001 

Residual       

Lack of Fit 0.28 0.9591 0.28 0.9574 0.20 0.9850 

Pure Error       

Cor Total       

R2 0.9779  0.9832  0.9786  

Adjusted R2 0.9572  0.9675  0.9587  

Predicted 

R2 

0.9348  0.9437  0.9532  
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The actual and predicted removal efficiency plot for NTPNC-HMDI-CD % yield is shown in 

Fig. 6.1 A. The actual values are observed to be distributed close to the straight line indicating 

that the predicted values of NTPNC-HMDI-CD % yield obtained from the model are in good 

agreement with the actual experimental data. The results of analysis of variance (ANOVA) for 

the crosslinking of β-CD to NTP-NC using HMDI are presented in table 6.2. The ANOVA is 

essential to identify and determine the most significant factors and the meaningful of the 

experimental results with the Fisher’s F-values and the P-values being the most important 

factors to conduct the comparison (Kasiri and Khataee, 2012). The P-values are used as an 

indication to determine the significance of each coefficient, which will show the pattern of the 

interaction between different variables. The coefficient with P-values less than 0.05 are 

significant and insignificant if greater than 0.1. It can be observed from Table 6.2, that the 

coefficients of A, B, C, D, A2, B2, B2, D2, AB, and BD were significant for NTPNC-HMDI-

CD % yield as indicated by the p-values less than 0.05.  

 

The higher F-values for each coefficient suggest the significance of that term in the model. The 

model F-values of 47.38 for NTPNC-HMDI-CD % yield was observed, implying that the 

model is significant and there is only a 0.01% chance that an F-Value this large could occur 

due to noise. The F-values and probability-values showed that second-order effect of DBTDL 

volume (A2) followed by the reaction temperature (C) greatly influenced the NTPNC-HMDI-

CD nanocomposite % yield while DBTDL (A), HMDI volume (D) and interaction between β-

CD mass and HMDI volume moderately influenced the % yield. Lack of Fit (LOF) F-test which 

describes the variation of the data around the fitted model was also analysed. The non-

significance of Lack of Fit is favourable and specifies the high predictability of the model while 

the significance of Lack of Fit implies that the model does not fit the data well (Sohrabi and 

Akhlaghian, 2016). Lack of Fit F-values was observed to be 0.28 for NTPNC-HMDI-CD % 

yield, which implies that the Lack of Fit is not significant relative to the pure error.  

 

Three-dimensional surfaces and their corresponding contour graphs can facilitate the most 

significant interaction effect of significant experimental variables on the NTPNC-HMDI-CD 

nanocomposite % yield. In each plot, the response model is mapped against two experimental 

factors while the third factor is held constant at its central level. Two-dimensional contour plots 

are important in the determination of variable interactions, different types of interactions are 

explained by different shapes of contours. The elliptical shape of the contour plot demonstrates 

the strong interaction between independent variables (Muralidhar et al., 2001), the circular 
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contour shape shows no interaction between two variables and the linear contour shape indicate 

that there is a direct relationship between the independent variables (Makareviciene et al., 

2014). Fig.6.2 A depicts the 3D surface plot of the simultaneous influence of amount of β-CD 

mass and DBTDL volume on % yield while maintaining HMDI volume and temperature at 2.5 

ml and 50 oC, respectively. From Fig.6.2 a, it has been observed that at both low and high 

amount of β-CD, higher NTPNC-HMDI-CD % yield was obtained at low catalyst (DBTDL) 

volume of 0.5 ml, which resulted in a reduction in % yield up to a minimum followed by a 

steady increase with an increase in the catalyst volume. It was also noticed that at both low and 

high volume of DBTDL, an increase in β-CD mass did not have any noticeable effect on 

NTPNC-HMDI-CD nanocomposite % yield. A circular contour plot shows no interaction 

effect between β-CD mass and the catalyst (DBTDL) volume on NTPNC-HMDI-CD 

nanocomposite % yield. 

 

Fig.6.2 B depicts the 3D surface plot of the simultaneous influence of β-CD mass and HMDI 

volume while maintaining DBTDL volume and temperature at 1.0 ml and 50 oC, respectively. 

From Fig.6.2 B, at both low and high β-CD mass, increasing HMDI volume led to an increase 

in NTPNC-HMDI-CD nanocomposite % yield. Similarly, at both low and high HMDI volume, 

increasing β-CD mass led to an increase in NTPNC-HMDI-CD nanocomposite % yield. Both 

variables showed the enhancing effect on NTPNC-HMDI-CD nanocomposite % yield. The 

results show that increment of β-CD mass and the HMDI cross-linker favours the formation of 

NTPNC-HMDI-CD nanocomposite. The contour plot shows no interaction between β-CD 

mass and HMDI volume on NTPNC-HMDI-CD nanocomposite % yield. Nanocomposite yield 

was observed to be strongly controlled by DBTDL volume. DBTDL catalyst plays an important 

role in isocyanates reactions as it affects the rate of chemical reaction responsible for the 

formation of polymers and exert a considerable influence on their ultimate properties. Higher 

volume of DBTDL catalyst, HMDI volume and β-CD mass resulted in the high yield of 

NTPNC-HMDI-CD nanocomposite. 

 

6.2.1.2 4-nitrophenol adsorption trend by NTPNC-HMDI-CD 

The adsorption capability of the NTPNC-HMDI-CD nanocomposite was demonstrated using 

4-nitrophenol which is a toxic pollutant used in various industries. Since the nanocomposite is 

synthesised for organic pollutants removal from aqueous solution, its adsorption behaviour 

towards the targeted organic pollutant is of importance when optimizing synthesis variables.  
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Figure 6.1: The predicted response versus actual response for (A) % yield, (B) 4-Nitrophenol adsorption capacity and (C) % Iron for the 

synthesis of NTPNC-HMDI-CD. 
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Figure 6.2: 3D surface plot showing the effect of independent variabled (C) β-CD mass versus DBTDL volume (D) HMDI volume versus β-CD 

mass for % yield. 
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The adsorption capacity of 4-nitrophenol using NTPNC-HMDI-CD nanocomposite of 30 

experimental runs is shown in Table 6.1 and it is observed to range from 6.42 to 26.38 mg/g. 

The fitted model for the 4-nitrophenol adsorption capacity can be expressed as follows: 

Adsorption capacity = + 20.84 + 0.61 A - 0.070 B - 0.60 C - 0.74 D- 9.41 A
2 - 0.049 B

2 + 0.20 

C2 + 4.38 D2 - 1.96 AB - 1.38 AC + 1.20 AD - 2.88 BC- 0.50 BD - 3.49 CD (6.3) 

 

After discarding the insignificant terms, the fitted model in Eq.6.3 is represented as: 

Adsorption capacity = + 20.84 + 0.61 A - 0.60 C - 0.74 D- 9.41 A
2 + 4.38 D

2 - 1.96 AB - 1.38 

AC + 1.20 AD - 2.88 BC - 3.49 CD   (6.4) 

 

4-nitrophenol adsorption capacity model equation obtained suggests that the DBTDL volume 

(A), the second order effects of HMDI volume (D2) and the interaction between the catalyst 

volume and HMDI volume positively correlate to the 4-NP adsorption capacity. An increase 

in temperature (C), HMDI volume (D), the second order effect of the catalyst volume (A2), the 

interaction between the catalyst volume and CD mass (AB), the catalyst volume and 

temperature (AC), CD mass and temperature (BC) and temperature and HMDI volume (CD) 

led to a reduction in 4-NP adsorption capacity. The R2 value of 0.9832 and the adjusted R2 

value of 0.9675 for were obtained. Goodness of the data fit was indicated by the lower value 

of the adjusted-R2 compared to R2 while the predicted R2 value of 0.9437 was found to be in a 

reasonable agreement with the adjusted R2 of 0.9675 showing the difference of less than 0.2 

indicating the applicability of the model in the prediction of the experimental results.  

The actual and predicted removal efficiency plot for 4-NP adsorption capacity is shown in Fig. 

6.1 B. The actual values are observed to be distributed close to the straight line indicating that 

the predicted values obtained from the model are in good agreement with the actual 

experimental data. The results of analysis of variance (ANOVA) for the crosslinking of β-CD 

to NTP-NC using HMDI are presented in Table 6.2. It can be observed from Table 6.2, that the 

coefficients of A, C, D, A
2
, D

2
, AB, AC, AD, BC, CD have p-values less than 0.05 hence they 

are significant model terms for 4-NP adsorption capacity. The model F-values of 62.74 for 4-

NP adsorption capacity was observed, implying that the model is significant and there is only 

a 0.01% chance that an F-Value this large could occur due to noise. The F-values and 

probability-values showed that the second-order effect of DBTDL volume (A2) is the most 

influential factor for 4-NP adsorption capacity. Lack of Fit F-value of 0.20 was observed 

implying that the Lack of Fit is not significant relative to the pure error.  
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3D surface plot and the corresponding contour plot of the simultaneous influence of DBTDL 

volume and β-CD mass while keeping HMDI volume and temperature fixed at 2.5 ml and 50 

oC on 4-NP adsorption capacity, respectively is shown in Fig.6.3 A. At both low and high β-

CD mass, increasing DBTDL volume led to an increase in 4-NP adsorption capacity up to a 

maximum then a slight reduction in 4-NP adsorption capacity was observed as DBTDL volume 

increases. On the other hand, at low DBTDL volume, increasing β-CD mass resulted in a slight 

increase in the adsorption capacity while at high DBTDL volume, increasing the amount of β-

CD resulted in a decrease in the adsorption capacity. The contour plot was seen to be linear in 

shape indicating that there is a direct relationship between the DBTDL volume and β-CD mass.  

 

Fig.6.3 B, shows the 3D surface plot of the simultaneous influence of DBTDL volume and 

temperature while keeping β-CD mass and HMDI volume at 0.5 g and 2.5 ml on 4-NP 

adsorption capacity, respectively. From the 3D surface plot on Fig. 6.3 B, at both low and high 

temperature, an increase in DBTDL volume resulted in an increase in 4-NP adsorption capacity 

up to a maximum value then slightly decreased until the highest DBTDL volume of 1 ml. On 

the other hand, at low DBTDL volume, increase in temperature led to a slight increase in 

adsorption capacity while at high DBTDL volume, increasing reaction temperature led to a 

slight reduction in 4-NP adsorption capacity. This trend was observed to be similar to the trend 

observed for the interaction between DBTDL volume and β-CD mass in Fig.6.3 A. The contour 

plot shows that there is a direct relationship between the DBTDL volume and temperature.  

 

Fig.6.3 C, shows the 3D surface plot of the simultaneous influence of HMDI volume and 

DBTDL volume while keeping β-CD mass and temperature fixed at 0.5 g and 50 oC on 4-NP 

adsorption capacity, respectively. The 3D surface plot shows that at both low and high HMDI 

volume, increasing DBTDL volume led to an increase in adsorption capacity up to a maximum 

value then a decrease in adsorption capacity was observed as DBTDL volume is further 

increased. At both low and high DBTDL volume, adsorption capacity was observed to be 

almost constant then increased steadily up to a maximum value of about 15 mg/g as HMDI 

volume was increased. The contour plot shows a strong interaction between DBTDL and 

HMDI volume. DBTDL was observed to greatly influence the 4-Nitrophenol adsorption and 

high removal was obtained at moderate amount. 
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Figure 6.3: 3D surface plots showing the effect of independent variables (A) β-CD mass versus DBTDL volume (B) temperature versus DBTDL 

volume, (C) HMDI volume versus DBTDL volume for adsorption capacity. 
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6.2.1.3  Percentage iron in the NTPNC-HMDI-CD nanocomposite 

To synthesize a nanocomposite material that will have magnetic properties for easy separation 

through a magnetic field, percentage magnetite in the nanocomposite need to be considered. 

Magnetic functionality of the nanocomposite originates from the presence of magnetite in their 

chemical composition which was measured as a function of % iron content.The % iron on the 

NTPNC-HMDI-CD nanocomposite of the 30 experimental runs is shown in Table 1 and it is 

observed to range from 10.7 to 33.5 %. The fitted model for the % iron can be expressed as: 

% Iron = +17.80 - 0.49 A - 4.38B - 0.078 C - 0.99 D + 2.28 A2 + 0.72 B2 - 1.78 C2 + 3.92 D2 -

3.01 AB - 1.41 AC - 0.67 AD - 0.49 BC + 1.20 BD - 1.77 CD   (6.6) 

 

After discarding the insignificant terms, the quadratic equation reflecting the empirical 

relationship between % iron and the synthesis variables (only significant terms with p < 0.05 

at 95% confidence level) are shown below: 

 

% Iron = +17.80 - 4.38 B - 0.99 D + 2.28 A
2
 + 0.72 B

2 - 1.78 C
2 + 3.92 D

2
 -3.01 AB - 1.41 AC 

- 0.67 AD + 1.20 BD - 1.77 CD     (6.7) 

 

The % iron model equation (eq. 6.7) suggested that the second order effect of catalyst volume 

(A2), CD mass (B2), HMDI volume (D2), and the interaction between the CD mass and HMDI 

volume (BD) positively correlate to the 4-NP adsorption capacity while β-CD mass (B), HMDI 

volume (D), the second order effects of temperature (C2), the interaction between the catalyst 

volume and CD mass (AB), the catalyst volume and temperature (AC), catalyst volume and 

HMDI volume (AD) and temperature and HMDI volume (CD) led to a reduction in % iron 

present in the NTPNC-HMDI-CD material. The R2 value of 0.9786 and the adjusted R2 value 

of 0.9587 were obtained. Goodness of the data fit was indicated by the lower value of the 

adjusted-R2 compared to R2 while the predicted R2 value of 0.9532 was found to be in a 

reasonable agreement with the adjusted R2 of 0.9587 showing the difference of less than 0.2 

indicating the applicability of the model in the prediction of the experimental results.  

The actual and predicted removal efficiency plot for 4-NP adsorption capacity is shown in 

Fig.6.1 C. The actual values are observed to be distributed close to the straight line indicating 

that the predicted values obtained from the model are in good agreement with the actual 

experimental data.  
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Figure 6.4: 3D surface plot showing the effect of independent variabled (A) β-CD mass versus DBTDL volume (B) HMDI volume versus β-CD 

mass for % Iron. 
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The results of analysis of variance (ANOVA) for the crosslinking of β-CD to NTP-NC using 

HMDI are presented in table 6.2. It can be observed from Table 6.2, that the coefficients of B, 

D, A
2
, C

2
, D

2
, AB, AC, AD, BD, CD. have p-values less than 0.05 hence they are significant 

model terms for % iron. The model F-value of 49.08 was observed, implying that the model is 

significant and there is only a 0.01% chance that an F-Value this large could occur due to noise. 

The F- values and probability-values showed that the second-order effect of DBTDL volume 

(B) is the most influential factor for 4-NP adsorption capacity. Lack of Fit F-value of 0.28 was 

observed implying that the Lack of Fit is not significant relative to the pure error. Fig.6.4a show 

the 3D surface plot of the simultaneous influence of β-CD mass and DBTDL volume while 

keeping temperature and HMDI volume at 50 oC and 2.5 ml on % iron, respectively. It has 

been observed that at low DBTDL volume, increasing β-CD mass didn’t have any effect on % 

iron while increasing β-CD mass at high DBTDL volume caused a reduction in % iron. DBTDL 

volume was also shown to have a similar trend as mass of β-CD on % iron present in the 

nanocomposite. % iron was observed to reduce as DBTDL volume increases at high β-CD 

mass, and no effect in % Iron was observed at low β-CD mass. The contour plot shows a 

circular shape implying that there is no strong interaction between mass of β-CD and DBTDL 

volume along with % iron. 

 

Fig.6.4 B, shows the 3D surface plot of the simultaneous influence of HMDI volume and β-

CD mass while keeping reaction temperature and DBTDL volume at 50 oC and 1.0 ml on % 

iron, respectively. The 3D surface plot shows that at both low and high β-CD mass, increasing 

HMDI volume led to a slight decrease in % iron up to a minimum value followed by a slight 

increase as HMDI volume was further increased. At both low and high HMDI volume, 

increasing β-CD mass led to a slight decrease in % iron of the NTPNC-HMDI-CD 

nanocomposite. A circular contour shape was observed indicating no strong interaction 

between β-CD mass and HMDI volume. It has been observed that the nanocomposite with 

higher % Iron was formed when high amount of the DBTDL catalyst and low amount of β-CD 

are added. Higher % Iron in the nanocomposite was obtained at low β-CD amount due to higher 

amount of NTPNC in the nanocomposite contributing to higher % iron. 

 

Optimization of the process variables was conducted after multiple fitting of the regression by 

deploying algorithm of the RSM software. Setting of goals for optimum parameters were 

selected according to the application of the nanocomposite material. Goals may be set at 
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maximum, minimum, in range, target or be equals to the specific value when optimizing the 

response. Optimum conditions for NTPNC-HMDI-CD are presented in Table 6.3. From Table 

6.3, optimum parameters were observed to be DBTDL volume,1.39 ml, β-CD mass of 0.15 g, 

HMDI volume of 3 ml at reaction temperature of 42 oC yielding 44.57 % of the NTPNC-

HMDI-CD nanocomposite that will have 18 % of iron and can remove 24.39 mg/g of 4-

nitrophenol from aqueous solution. The optimum conditions were observed by keeping the 

DBTDL volume in range, maximised β-CD mass and HMDI volume while keeping reaction 

temperature at minimal values. 

 

Table 6.3: Optimum results for NTPNC-HMDI-CD 

 Variables    Responses   

DBTDL 

vol (ml) 

β-CD 

mass (g) 

Temp 

(o C) 

HMDI 

vol (ml) 

% Yield Adsorption 

Capacity (mg/g) 

% Fe Desirability 

1.39 0.15 42 3 44.57 24.39 18.00 0.861 
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6.3 OPTIMIZATION OF WORKING PARAMETERS ON NTPNC-EPI-CD 

SYNTHESIS 

With an effort to synthesize an insoluble and highly selective cyclodextrin crosslinked to 

magnetite coated pine cone using epichlorohydrin (NTPNC-EPI-CD) nanocomposite material 

for 4-Nitrophenol adsorption from aqueous solution, carboxymethyl-beta-cyclodextrin (CM-β-

CD) polymer was synthesized and crosslinked onto NTPNC previously synthesized. Response 

surface methodology (RSM) and central composite design (CCD) were used to determine the 

interaction between the working condition variables and the response. Four parameters (CM-

β-CD-EPI mass, NTP-NC mass, temperature and reaction time) that may have an influence on 

4-NP removal were selected along with three responses: 4-NP adsorption capacity, % Iron and 

surface area of the NTPNC-EPI-CD. The design matrix and the responses showing 30 

experimental runs are given in Table 6.4. 

6.3.1.1 Percentage iron in the NTPNC-EPI-CD nanocomposite 

Percentage iron in the NTPNC-EPI-CD nanocomposite was measured with a Rigaku NEX-QC 

model X-ray fluorescence (XRF) instrument, using magnetite analysis application mode and 

the results are presented in Table 6.4. From Table 6.4, % Iron in the nanocomposite was 

observed to range from 50.8 to 92.47 %. The quadratic model was selected based on the highest 

order polynomial where the addition term is significant. After the data was subjected to 

multiple regression analysis of CCD, the quadratic equation describing the relationship 

between % iron and the synthesis variables (CM-β-CD-EPI mass, NTP-NC mass, temperature 

and reaction time) is given below: 

% Iron= + 77.51 + 2.36 A - 5.02 B - 0.42 C - 0.85 D - 0.63 AB - 0.13 AC - 0.36 AD -0.19 BC 

- 0.79 BD + 0.43 CD - 3.41 A2 - 12.26 B2 - 17.16 C2 + 14.94 D2  (6.8) 

Where A, B, C and D are the synthesis variables, NTP-NC mass, CM-β-CD mass, reaction 

temperature and reaction time, respectively. After discarding the insignificant terms, the 

resultant model is represented as: 

% Iron= + 77.51 + 2.36 A - 5.02 B - 0.42 C - 0.85 D  - 0.63 AB - 0.79 BD + 0.43 CD - 3.41 

A2 - 12.26 B2 -  17.16 C2 + 14.94 D2   (6.9) 

The quadratic equation obtained suggest that NTPNC mass (A) the interaction between 

reaction temperature and time (CD) and second-order effect of temperature (D2) positively 
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correlated to the NTPNC-EPI-CD % yield while other factors negatively correlated to the % 

yield. CM-β-CD mass (B) was observed to be the most influential parameter to the NTPNC-

EPI-CD yield seen by the highest coefficient. Correlation coefficient was evaluated to test the 

fit of the model. The value of the correlation coefficient (R2) was obtained to be 0.9981 while 

the adjusted R2 value of 0.9964 was obtained. The closeness of the adjusted R2 values to the 

correlation coefficient (R2) indicate a good agreement between the experimental and predicted 

values for all variables. The Predicted R2 of 0.9866 is in reasonable agreement with the adjusted 

R2 of 0.9964. The actual and predicted removal efficiency plot for % iron in NTPNC-EPI-CD 

nanocomposite is shown in Fig.6.5a. The actual values are observed to be distributed close to 

the straight line indicating that the predicted values obtained from the model are in good 

agreement with the actual experimental data. 

To find the most important effects and interactions, analysis of variance (ANOVA) was 

analysed using the software Design Expert (10) and the results are given in Table.6.4, while 

the correlation coefficient results are given in Table.6.5. The statistical significance of all the 

model equations was evaluated by the Fisher’s F-test and probability p-values. The Model F-

values were observed to be of 570.35 implying that the model is significant and there is only a 

0.01% chance that an F-value this large could occur due to noise. It is observed that the 

coefficients NTPNC mass (A), CM-β-CD mass (B), reaction temperature (C), time (D), 

interaction between NTPNC mass and CM-β-CD mass (AB), CM-β-CD mass and time (BD), 

reaction temperature and time (CD) and the quadratic effect of NTPNC mass (A2), CM-β-CD 

mass (B2), temperature (C2), time (D2) were significant for % iron in the NTPNC-EPI-CD 

nanocomposite, as it can be seen by the probability values less than 0.05 from the ANOVA 

table in Table.6.5. The F-values and probability-values showed that the second-order effect of 

temperature (C2) greatly influenced % iron in the NTPNC-EPI-CD nanocomposite. The 2D 

contour plot and the 3D surface plots were analysed to optimise interaction between variable 

in respect to the response. 

 

Chemical reaction governing the crosslinking of β-CD onto NTPNC is shown in scheme 6.2. 

The NTPNC-EPI-CD nanocomposite synthesis followed a 2 steps procedure where the first 

step involves the preparation of carboxymethyl-β-cyclodextrin followed by the crosslinking of 

CM-β-CD onto NTPNC bio composite surface. The carboxyl group of the CM-β-CD directly 

react with the active surface hydroxyl group on the magnetite to form Fe-carboxylate 

(Badruddoza et al., 2010).  
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Table 6.4: Experimental design matrix and the response results 

Runs  NTPNC 

mass (g) 

CM-β-CD 

mass (g) 

Temp 

(oC) 

Time 

(hrs) 

% 

Iron 

(%) 

Adsorption 

capacity (mg/g) 

Surface area 

(m2/g) 

1 2.00 2.00 30.00 3.00 60.1 16.12 262.71 

2 2.00 0.50 90.00 24.00 67.1 11.31 433.78 

3 0.50 2.00 90.00 3.00 53.9 15.096 365.55 

4 1.25 1.25 60.00 13.50 77.6 17.608 347.44 

5 1.25 1.25 60.00 3.00 92.7 21.12 230.96 

6 0.50 2.00 30.00 24.00 50.8 10.874 361.24 

7 2.00 0.50 90.00 3.00 68.4 13.95 341.46 

8 0.50 1.25 60.00 13.50 71 11.874 292.32 

9 1.25 1.25 60.00 13.50 77.32 17.216 350.00 

10 0.50 0.50 30.00 3.00 61.4 17.292 270.50 

11 1.25 1.25 60.00 24.00 92.3 17.43 350.02 

12 0.50 0.50 90.00 24.00 62 12.798 364.12 

13 1.25 1.25 60.00 13.50 77.3 17.924 399.40 

14 1.25 1.25 30.00 13.50 60.7 18.336 420.61 

15 1.25 1.25 90.00 13.50 60.1 18.798 323.71 

16 1.25 1.25 60.00 13.50 77.8 17.924 351.49 

17 0.50 2.00 90.00 24.00 50.8 14.24 291.61 

18 2.00 2.00 90.00 3.00 56.4 14.146 267.15 

19 2.00 2.00 30.00 24.00 55.1 10.506 343.90 

20 2.00 2.00 90.00 24.00 54.8 12.444 238.06 

21 1.25 1.25 60.00 13.50 77.7 17.506 376.35 

22 0.50 2.00 30.00 3.00 54.9 16.562 292.21 

23 1.25 0.50 60.00 13.50 70.4 15.456 634.68 

24 1.25 1.25 60.00 13.50 77 16.772 379.82 

25 0.50 0.50 30.00 24.00 62 10.31 542.20 

26 2.00 0.50 30.00 24.00 66.8 10.892 654.78 

27 2.00 1.25 60.00 13.50 77.3 10.798 298.18 

28 2.00 0.50 30.00 3.00 69.2 16.608 356.70 

29 1.25 2.00 60.00 13.50 60.2 15.506 524.59 

30 0.50 0.50 90.00 3.00 60 15.07 291.80 
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Table 6.5: F-values and Prob > F from analysis of variance for all responses 

Response % Iron 4-NP adsorption Surface area 

 F value Prob  > F 

 

F value Prob  > F 

 

F value Prob  > F 

 

Model 570.35 < 0.0001 235 < 0.0001 51.14 < 0.0001 

A 285.02 < 0.0001 60.97 < 0.0001 2.02 0.1760 

B 992.12 < 0.0001 9.25 0.0083 114.46 < 0.0001 

C 6.84 0.0195 0.44 0.5172 44.44 < 0.0001 

D 28.48 < 0.0001 960.89 < 0.0001 104.42 < 0.0001 

A2 66.02 < 0.0001 1215.10 < 0.0001 53.88 < 0.0001 

B2 853.04 < 0.0001 109.67 < 0.0001 215.89 < 0.0001 

C2 1671.09 < 0.0001 89.27 < 0.0001 1.91 0.1873 

D2 1266.34 < 0.0001 193.42 < 0.0001 59.43 < 0.0001 

AB 13.96 0.0020 0.045 0.8350 38.69 < 0.0001 

AC 0.60 0.4493 15.58 0.0013 4.93 0.0422 

AD 4.45 0.0522 0.35 0.5626 1.55 0.2325 

BC 1.32 0.2694 11.53 0.0040 12.63 0.0029 

BD 22.08 0.0003 8.70 0.0091 68.39 < 0.0001 

CD 6.52 0.0221 278.15 < 0.0001 62.77 < 0.0001 

Residual       

Lack of Fit 7.12 0.0214 0.58 0.7812 0.96 0.5536 

Pure Error       

Cor Total       

R2 0.9981  0.9744  0.9795  

Adjusted R2 0.9964  0.9506  0.9603  

Predicted R2       0.9866       0.9421  0.9199  
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Carboxymethyl cellulose was grafted onto cyclodextrin using epichlorohydrin to control the 

structure of the material while modifying the surface chemistry of the nanocomposite. It is 

important to understand the NTPNC-EPI-CD reaction mechanism so as to explain the variable 

interaction and their effect on respective responses. Reaction temperature, time, the amount of 

NTPNC and CM-β-CD added may influence the crosslinking of CM-β-CD onto NTPNC hence 

their optimization is of importance. 

 

 

 

 

 

 

 

 

Scheme 6.2: Schematic presentation of CM-β-CD polymer crosslinked onto NTPNC bio-

composite. 

NTPNC-EPI-CD 

Pine cone  
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Figure 6.5: The predicted response versus actual response for (A) % iron, (B) 4-Nitrophenol adsorption capacity and (C) Surface area of 

NTPNC-EPI-CD nanocomposite. 
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Figure 6.6:3D surface plots showing the effect of independent variables (A) Time versus temperature, (B) CM-β-CD mass versus NTPNC mass 

(C) reaction time versus CM-β-CD mass for % iron in the NTPNC-EPI-CD nanocomposite 
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Two-dimensional contour plots and three-dimensional surface plots are important in 

determining interaction between variables. and their plots are presented in Fig.6.6 (A-C). 

Interaction effect of reaction time and temperature on the % iron content in NTPNC-EPI-CD 

nanocomposite while keeping the CM-β-CD and NTPNC mass fixed at 1.25 g is presented in 

Fig.6.6 A. At both short and long time, increasing the reaction temperature resulted in an 

increase in % iron up to a maximum value which then reduced as temperature was increased. 

On the other hand, at both low and high temperature, increasing the reaction time resulted in a 

slight reduction in % iron up to a minimum value followed by a gradual increase in % iron at 

long reaction time. The elliptical line of the contour plot shows a strong interaction between 

temperature and time for % iron in the nanocomposite. 

 

Interaction effect of CM-β-CD and NTPNC mass on % iron in NTPNC-EPI-CD while keeping 

the reaction temperature fixed at 60 oC and time at 1 hour is presented in Fig.6.6 b. It can be 

seen from the plot that at low amount of CM-β-CD, increasing NTPNC mass had a slight 

increase in % iron, but, at higher amount of CM-β-CD, increment in NTPNC mass had 

insignificance increase in % iron. At both low and high amount of NTPNC mass, initial 

increase in CM-β-CD resulted in an increase of % iron from 50.8 to 71 % when 1.4 g of CM-

β-CD was added. Further increase in CM-β-CD mass to 2.0 g resulted in a slight reduction of 

% iron. This shows that more amount of NTPNC added at low amount of CM-β-CD will lead 

to higher % iron in the NTPNC-EPI-CD nanocomposite while CM-β-CD increment increases 

% iron up to a maximum value and reduced as more CM-β-CD is added to the nanocomposite. 

The circular line of the contour plot implies that there is no strong interaction between the CM-

β-CD mass and NTPNC mass. The interaction between CM-β-CD and reaction time on % Iron 

in NTPNC-EPI-CD while keeping the reaction NTPNC mass fixed at 1.25 g and temperature 

at 60 oC is presented in Fig.6.6 c. Increase in the amount of CM-β-CD led to an increase in % 

iron up to a maximum value of 92.7 % which then reduced to 75 % as CM- β-CD mass was 

further increased to 2.0 g at all reaction time. At both low and high CM- β-CD mass, higher % 

iron was observed which reduced to a minimum value of 55 % then increase steadily with time. 

Reduction in % iron as more CM-β-CD is added is beause of the higher amount of CM-β-CD 

content in the nanocomposite resulting in lower amount of NTPNC hence a drop in % iron. 

Amount of CM-β-CD need to be considered to prepare a material that will have a moderate 

magnetite content for magnetic separation. The contour plot shows the elliptical shape implying 
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the strong interaction between CM-β-CD mass and the reaction time in the NTPNC-EPI-CD 

synthesis. 

 

6.3.2 4-Nitrophenol adsorption trend by NTPNC-EPI-CD nanocomposite 

The adsorption capacity of 4-NP using NTPNC-EPI-CD nanocomposite of 30 experimental 

runs is shown in Table 6.4 and it is observed to range from 10.29 to 21.82 mg/g. The fitted 

model for the 4-NP adsorption capacity can be expressed as follows: 

 

Adsorption capacity = + 17.30 – 0.50 A+ 0.20 B -0.043 C -2.00 D+ 0.015 AB - 0.27 AC +-

0.041 AD + 0.23 BC + 0.20 BD + 1.14 CD – 5.93 A2 – 1.78 B2 + 1.61 C2 + 2.36 D     (6.10) 

After discarding the insignificant terms, the resultant model is represented as: 

Adsorption capacity = + 17.30 – 0.50 A+ 0.20 B -2.00 D - 0.27 AC + 0.20 BD + 1.14 CD – 

5.93 A2 – 1.78 B2 + 1.61 C2 + 2.36 D2         (6.11) 

 

The model equation obtained for 4-NP adsorption capacity suggested that the interaction 

between CM-β-CD mass and time (BD), reaction temperature an time (CD), CM-β-CD mass 

(B), the second order effect reaction temperature (C2) and time (D2) positively correlate to the 

4-NP adsorption capacity. The NTPNC mass (A), reaction time (D), interaction between 

NTPNC mass and temperature (AC) and second order effect of CM-β-CD mass (B2) were 

observed to have a negative influence on the 4-NP adsorption capacity. Second order effect of 

NTPNC mass (A2), second order effect of time (D2) and reaction time (D) were observed to be 

the most influential parameters to the 4-NP adsorption capacity as seen by the highest 

coefficient. The value of the correlation coefficient (R2) was obtained to be 0.9744 while the 

adjusted R2 value of 0.9506 was obtained. The closeness of the adjusted R2 values to the 

correlation coefficient (R2) indicate a good agreement between the experimental and predicted 

values for all variables. The Predicted R2 of 0.9421 is in reasonable agreement with the adjusted 

R2 of 0.9506. The actual and predicted removal efficiency plot for 4-NP adsorption by NTPNC-

EPI-CD nanocomposite is shown in Fig. 6.5 B. The actual values are observed to be distributed 

close to the straight line indicating that the predicted values obtained from the model are in 

good agreement with the actual experimental data 
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Figure 6.7:3D surface plots showing the effect of independent variables (A) temperature versus reaction time, (B) temperature versus NTPNC 

mass and (C) reaction time versus CM-β-CD mass for 4-NP adsorption onto NTPNC-EPI-CD nanocomposite. 

 

 

30.00  
36.00  

42.00  
48.00  

54.00  
60.00  

66.00  
72.00  

78.00  
84.00  

90.00  

  0.50

  0.80

  1.10

  1.40

  1.70

  2.00

8  

10  

12  

14  

16  

18  

20  

22  

a
d
s
o
rp

ti
o
n
 c

a
p
a
c
it
y
 (

m
g
/g

)

A: NTPNC mass (g)

C: temp (oC)
3.00  

6.00  
9.00  

12.00  
15.00  

18.00  
21.00  

24.00  

  0.50

  0.80

  1.10

  1.40

  1.70

  2.00

8  

10  

12  

14  

16  

18  

20  

22  

a
d
s
o
rp

ti
o
n
 c

a
p
a
c
it
y
 (

m
g
/g

)

B: CM-CD mass (g)
D: time (hr)

  3.00

  6.00

  9.00

  12.00

  15.00

  18.00

  21.00

  24.0030.00  
36.00  

42.00  
48.00  

54.00  
60.00  

66.00  
72.00  

78.00  
84.00  

90.00  

5  

10  

15  

20  

25  

a
d
s
o
rp

ti
o
n
 c

a
p
a
c
it
y
 (

m
g
/g

)

C: temp (oC)

D: time (hr)

A B C 



238 
 

The statistical significance of all the model equations was evaluated by the Fisher’s F-test and 

probability p-values. The Model F-values were observed to be 40.85 implying the significance 

of the model. From the ANOVA table in Table.6.5, the coefficients a, B, D, AC, BD, CD 

second order effect of A2, B2, C2, D2 were significant as it can be seen by the probability values 

less than 0.05. From the F-values and probability-values, 4-NP adsorption capacity was 

observed to be greatly influenced by the second order effect of NTPNC mass (A2) followed by 

the reaction time (D), the interaction between the reaction temperature and time and the second 

order effect of time (D2). 

The contour and the 3D surface plots of the most significant variables that influence the 4-NP 

adsorption onto NTPNC-EPI-CD nanocomposite is shown in Fig. 6.7 (A-C). Interaction effect 

of reaction time and temperature on the 4-NP adsorption capacity of NTPNC-EPI-CD while 

keeping CM-β-CD mass fixed at 1.25 g for 1hr is presented in Fig. 6.7 A. Fi. 6.7 A shows that, 

at short and long reaction time, increasing the reaction temperature did not have any noticeable 

change on the 4-NP adsoption capacity. At low and high temperatures, increasimg the reaction 

time resulted in an increase in 4-NP adsorption. Contour plot shows no strong interaction 

between reaction time and NTPNC mass for 4-NP adsorption onto NTPNC-EPI-CD 

nanocomposite. Fig.6.7 B shows interaction effect of reaction temperature and NTPNC mass 

while keeping CM-β-CD mass and time fixed at 1.25 g and 1 hr, respectively. The figure shows 

that at both low and high reaction temperature, an increase in NTPNC mass resulted in an 

increase in 4-NP adsorption capacity up to a maximum value followed by a slight reduction at 

higher amount of NTPNC. On the other hand, at both low and high NTPNC mass, increasing 

temperature resulted in a increase in 4-NP adsorption capacity. The elliptical shape suggest the 

strong interaction between NTPNC mass and temperature. Fig.6.7 C shows interaction effect 

of reaction time and CM-β-CD mass while keeping NTPNC mass and temperature fixed at 1.25 

g and 60 oC, respectively. It is noticed that at both low and high CM-β-CD mass, increasing 

reaction time led to a gradual reduction in adsorption capacity up to an almost constant capacity 

as time increases. At both short and long reaction time, increase in CM-β-CD mass resulted in 

an increase in adsorption capacity up to a minimum value followed by a slight reduction in as 

reaction time was increased. The contour plot shows strong interaction between reaction time 

and CM-β-CD mass for 4-NP adsorption onto NTPNC-EPI-CD nanocomposite. The adsorpion 

of 4-NP is highly favoured by the NTPNC-EPI-CD nanocomposite at short reaction time and 

when the amount of NTPNC is equivalent to the amount of CM-β-CD. A reduction in the 

amount of 4-NP adsorbed was observed as NTPNC amount is in excess. This shows that the 
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inclusion phenomena between CM-β-CD and 4-NP plays a major role in the adsorption 

mechanism. 

 

6.3.3 Surface area of NTPNC-EPI-CD nanocomposite 

Surface area values of the 30 experimental runs from tables.6.4 ranged from 230.96 to 654.78 

m2/g. The fitted model for the surface area of NTPNC-EPI-CD can be observed in eq. 6.12. 

Surface area = + 378.70 + 6.95 A - 52.39 B - 32.64 C +  50.04 D - 32.31 AB -11.54 AC + 6.46 

AD + 18.46 BC - 42.95 BD - 41.15 CD - 94.74 A2 + 189.64 B2 - 17.83 C2 - 99.50 D2 (6.12) 

After discarding the insignificant terms the fitted model in eq. 6.12 is represented as: 

Surface area = + 378.70 - 52.39 B - 32.64 C + 50.04 D - 32.31 AB -11.54 AC + 18.46 BC - 

42.95 BD - 41.15 CD - 94.74 A2 + 189.64 B2 - 99.50 D2       (6.13) 

 

The model equation obtained suggested that the reaction time (D), interaction between CM-β-

CD mass and temperature (BC) and the second order effect CM-β-CD mass (B) positively 

correlated to the surface area of NTPNC-EPI-CD while other factors negatively affected the 

surface area on the nanocomposite. The second order effect of CM-β-CD mass (B2) had the 

highest coefficient, therefore the most influential variable for surface area. Correlation 

coefficient (R2) was obtained to be 0.9795 while the adjusted R2 value of 0.9603 was obtained. 

The closeness of the adjusted R2 values to the correlation coefficient (R2) indicate a good 

agreement between the experimental and predicted values for all variables. The Predicted R2 

of 0.9199 is in reasonable agreement with the adjusted R2 of 0.9603. The actual and predicted 

removal efficiency plot for 4-NP adsorption by NTPNC-EPI-CD nanocomposite is shown in 

Fig.6.5 C. The actual values are observed to be distributed close to the straight line indicating 

that the predicted values obtained from the model are in good agreement with the actual 

experimental data The Model F-values were observed to be 51.14 implying that the model is 

significant and there is only a 0.01% chance that an F-value this large could occur due to noise. 
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Figure 6.8:3D surface plots showing the effect of independent variables (A) Time versus CM-β-CD mass, (B) CM-β-CD mass versus NTPNC 

mass (C) reaction temperature versus CM-β-CD mass for 4-NP adsorption onto NTPNC-EPI-CD nanocomposite. 
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Coefficients, B, C, D, AB, AC, BC, BD, CD, A2, B2, D2 were significant for surface area as 

they had the probability value less than 0.05. F-values shows that NTPNC-EPI-CD 

nanocomposite surface area was greatly influenced by CM-β-CD mass (B), the second order 

effect of CM-β-CD mass (B2) and the reaction time (D). The actual and predicted removal 

efficiency plot in Fig. 6.5c shows that the actual values are seen to be distributed close to the 

straight line. The closeness of the actual values to the predicted values indicate that the 

predicted values of all responses obtained from the model are in good agreement with the actual 

experimental data. The 3D surface plot in Fig. 6.8 (A-C) show the influence of the synthesis 

variables on surface area of NTPNC-EPI-CD. Interaction between reaction time and CM-β-CD 

mass while keeping NTPNC mass and temperature fixed at 1.25 g and 60 oC, respectively is 

shown in Fig. 6.8 A. At low CM-β-CD mass, increasing the reaction time resulted in an increase 

in surface area of the nanocomposite while an increase in reaction time at high CM-β-CD led 

to an increase in surface area up to a maximum then a slight reduction of surface area with time 

was observed. In both short and long time, increase in CM-β-CD mass resulted in a decrease 

in surface area up to a minimum, which further increased with increasing CM-β-CD mass. 

Contour plot shows a strong interaction between CM-β-CD mass and time on the 

nanocompopsite surface area.  

 

Interaction between NTPNC and CM-β-CD mass while keeping reaction time and temperature 

fixed at 1 hr and 60 oC, respectively is shown in Fig.6.8 B. The Fig show that an increasing 

NTPNC mass at both low and high amount of CM-β-CD mass, led to an increase in surface 

area up to a maximum value in which the surface area then reduced as NTPNC mass was further 

increased. On the other hand, increasing the amount of CM-β-CD at both low and higher 

amount of NTPNC resulted in a reduction of the surface area of the nanocomposite up to a 

minimum value which then increased as the amount of CM-β-CD was further increased. Higher 

surface area was observed at lower amount of CM-β-CD and high NTPNC mass. Interaction 

between reaction temperature and CM-β-CD  mass while keeping NTPNC time fixed at 1.25 g 

and 1 hr is shown in Fig.6.8 C. At both low and high temperature, increasing the amount of 

CM-β-CD led to a reduction in the nanocomposite surface area up to a minimum value which 

then increased as CM-β-CD mass was increased while an increase in temperature at both low 

and high amount of CM-β-CD did not show any noticeable change in the nanocomposite 

surface area. Surface area of the nanocomposite was mostly controlled by the amount of CM-

β-CD in the material. Nanocomposite of high surface area was synthesised at low CM-β-CD 

mass, high NTPNC amount and longer reaction time while temperature didn’t have any 



242 
 

influence on the surface area. Cyclodextrin functionalized polymers of low (Mahaninia et al., 

2014) and medium (Huq and Mercier, 2001) surface area have been reported. Crosslinking β-

CD onto NTPNC has been found to enhance the surface area of the material. 

 

To obtain a nanocomposite that will have high selectivity towards targeted compounds and be 

easily separated by magnetic separation after pollutants adsorption, optimum conditions for 

NTPNC-EPI-CD are presented in Table 6.6. From Table 6.6, optimum conditions were 

observed to be 2.0 g of CM-β-CD, 0.83 g of NTPNC at reaction temperature of 30 oC for 7.40 

hrs yielding 47.55 % of the NTPNC-EPI-CD nanocomposite that will have 430.15 m2/g surface 

area which can remove 15.32 mg/g of 4-nirophenol from aqueous solution.  

 

Table 6.6: Optimum results for NTPNC-EPI-CD synthesis 

 Variables    Responses   

CM-β-CD 

mass (g) 

NTPNC 

mass (g) 

Temp 

(o C) 

Time 

(hr) 

% Yield Adsorption 

Capacity (mg/g) 

Surface 

area 

(m2/g) 

Desirability 

0.83 2 30 7.40 47.55 15.32 430.15 1 
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6.4 CHARACTERIZATION OF NTPNC-HMDI-CD AND NTPNC-EPI-CD 

NANOCOMPOSITES 

6.4.1 Introduction 

Characterization of the optimum NTPNC-HMDI-CD and NTPNC-EPI-CD nanocomposites 

were conducted using different techniques. The structures of the prepared NTPNC-HMDI-CD 

nanocomposite was studied by FTIR spectroscopy and X-ray diffractometer, thermal stability 

was determined using TGA/DTA, surface morphology was observed with a high-resolution 

transmission electron microscope (TEM), the magnetic property was determined using VSM, 

the surface area analysis was tested using BET surface area while surface charge was 

determined by conducting pHpzc. 

 

6.4.2 FTIR analysis of NTPNC-HMDI-CD and NTPNC-EPI-CD nanocomposites 

FTIR spectra of NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites were 

conducted to confirm the crosslinking of β-CD onto the surface of NTPNC nanocomposite and 

the results are reported in Fig.6.9. NTPNC nanocomposite spectra shown in Fig.6.9. shows that 

NTP-NC exhibited a broad O-H stretching vibration at 3307 cm-1, symmetric C-H band at 2888 

cm-1, and C-O vibration at 1622 cm-1 (Acisli et al., 2017, Subramanian et al., 2005). The band 

at 1027 cm-1 indicating the antisymmetric glycosidic C-O-C vibration and the peak associated 

with Fe-O presenting the tetrahedral side of magnetite was observed at 560 cm-1 (Chen et al., 

2009). Certain groups were observed to have shifted, increased, and decreased in intensities 

and some new peaks appeared after crosslinking with both epichlorohydrin and hexamethylene 

diisocyanate. On crosslinking the CM-β-CD onto NTPNC with EPI, all significant peaks of 

CM-β-CD and NTPNC were present in the spectrum of the NTPNC-CD-EPI nanocomposite 

with reduction in intensities and shift in peaks confirming successful crosslinking. The broad 

OH stretching vibration and C-H groups were observed to have shifted from 3307 to 3343 cm-

1 and 2888 to 2883 cm-1, respectively, and increased in intensities. The C-O peak at 1622 cm-1 

was observed to increase to 1636 cm-1 which is characterized as the COOM  group indicating 

the reaction between the COOH group of the CM-β-CD with the suraface of OH groups of 

magnetite surface resulting in the formation of iron carboxylate (Zhang et al., 2009). The C-O-

C peak was also found to have increased in intensities and shifted to a lower wavenumber after 

crosslinking. The Fe-O peak slightly shifted to 555 cm-1 confirming the presence magnetite 
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after crosslinking. Similar results were reported by Badroddoza et al. (2010) when synthesizing 

carboxymethyl-cyclodextrin conjugated magnetic nano-adsorbent. 
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Figure 6.9: FTIR spectra of NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD 

nanocomposites. 

 

The broad OH group of NTP-NC (3307 cm-1) was observed to have sharpened and shifted to 

3318 cm-1 after crosslinking with HMDI, which is indicative of the NH groups from the 

formation of the amide linkage. The C-H group increased in intensity and splitted into two 

peaks at 2932 cm-1 and 2855 cm-1 confirming the presence of the long hydrocarbon chain from 

the hexamethylene diisocyanate cross linker. New peaks appeared at 2261 cm-1 and 1681 cm-1 

due to the unreacted isocyanate group (-N=C=O) from the isocyanate group and the C=O due 

to the carboxylic group from the amide linkage formed (Mohamed et al., 2011a). A sharp peak 

at 1624 cm-1 corresponding to the amide bond due to the reaction of isocyanate and hydroxyl 

group was observed (Liu et al., 2017). The Fe-O stretching vibration corresponding to 

magnetite nanoparticle was also observed to have shifted from 560 to 598 cm-1. Thus, it can be 

said that the β-CD has been successfully crosslinked onto the surface of NTPNC using HMDI 

via chemical bond formation. 
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6.4.3 Thermal gravimetric analysis (TGA) 

Thermal gravimetric analysis was conducted on the NTP-NC, NTPNC-EPI-CD and NTPNC-

HMDI-CD to determine how crosslinking affected the thermal stability of the materials and 

the results are reported on Fig. 6.10 A, while the DTA peaks corresponding to their thermal 

stability are shown in Fig.6.10 B. The decomposition profile of NTP-NC biocomposite is well 

explained in chapter 4 and is observed to show three weight loss processes. The first weight 

loss of 5 % due to loss of moisture is observed at the temperature range of 94 to 99 oC 

corresponding to a DTA curve at 54 oC. The second weight loss was observed at the 

temperature range between 250 and 380 oC corresponding to DTA curve at 366 oC, attributed 

to the decomposition of the cellulose and hemicellulose from the pine cone biomass. The third 

weight loss showing two peaks is observed at the temperature range of 660 to 820 oC. The 

weight loss at 670 °C corresponding to DTA curve at 681, has been attributed to the phase 

transition from Fe3O4 to FeO, and the last weight loss at around 786 oC because of the 

deoxidation of FeO since the TGA/DTA analysis was achieved under the nitrogen atmosphere 

(Zhao et al., 2006). 

 

TGA curve of the nanocomposite after cross-linking magnetite with β-cyclodextrin using EPI 

exhibits three steps of weight loss. The first weight loss of 1 % is observed at temperature 

between 34 to 100 oC with a corresponding DTA curve of 68 oC attributed to loss of water in 

the sample. The second weight loss was observed to have slightly shifted to temperatures 

between 260 to 340 oC corresponding to the DTA peak at 325 which was due to the 

decomposition of CM-β-CD, hemicelluloses and cellulose degradation in the NTPNC-EPI-CD 

nano-composite. Finally, the third weight loss was observed at a temperature between 570 and 

700 oC due to decomposition of magnetite in the sample. The two DTA peaks observed around 

577 and 615 oC confirm the phase transition from Fe3O4 to FeO in the NTPNC-EPI-CD nano-

composite. Epichlorohydrin cross-linker has been shown to have enhanced the nanocomposite 

adsorbent stability. The TGA plot of NTPNC-HMDI-CD nanocomposite showed three stages 

of weight loss while the DTA revealed the thermal curves corresponding to the mass loses. The 

initial weight loss of 3 % is seen at the temperature below 120 oC due to the loss of the adsorbed 

water. Two overlapping steps occurred from 300 to 500 oC. The first mass loss of 53% due to 

decomposition of cellulose and hemicellulose from the pine cone and the β-cyclodextrin moiety 

was observed between 300-370 oC corresponding to the DTA peak at 340 oC while the second 

step occurred from 370-500 oC due to the oxidation of organic matter from HMDI and 
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magnetite corresponding to the DTA peak at 464 oC (Li et al., 2004, Okoli et al., 2015). 

Crosslinking of CD onto NTPNC nanocomposite led to the slight enhancement of thermal 

stability. Similar results have been reported by Okoli et al. (2015) when cross-linking starch 

using 1,6-hexamethylene diisocyanate. NTPNC-EPI-CD nanocomposite was observed to be 

more thermally stable than the NTPNC-HMDI-CD nanocomposite. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10: (A) TGA and (B) DTA of NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD 

 

6.4.4 Transmission electron microscopy (TEM) analysis 

TEM analysis of NTPNC-EPI-CD and NTPNC-HMDI-CD was conducted to confirm 

crosslinking of β-CD onto NTPNC surface and the TEM image and size distribution of 

NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD are shown in Fig.6.11 A-F. The TEM 

image of NTPNC on Fig. 6.11 A shows the spherical shape of the bio-composite with average 

size distribution of 8.23 nm (Fig. 6.11 D). On cross-linking NTPNC and CD with EPI, the 

image in Fig.6.11 B, shows the spherical shape with mean diameter of 9.77 nm (Fig.6.11 E). 

The increase in the nanocomposite size after crosslinking may be due to the addition of 

cyclodextrin and epichlorohydrin cross-linker. The NTPNC-HMDI-CD image in Fig.6.11 C 

shows the carbon with small spherical shape of magnetite nanoparticles with average size of 

5.42 nm (Fig. 6.11 F). The results indicate that β-CD was successfully cross-linked onto the 

NTP-NC bio-composite surface and cross-linking did not significantly result in the change of 
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the nanoparticle shape. The results also confirmed XRD analysis which showed characteristics 

peaks of magnetite in the NTPNC-EPI-CD nanocomposite. 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: TEM images of (A) NTPNC, (B) NTPNC-EPI-CD and (C) NTPNC-HMDI-CD 

and size distribution of (D) NTPNC, (E) NTPNC-EPI-CD and (F) NTPNC-HMDI-CD 

 

6.4.5 Vibrating scanning magnetometer (VSM) analysis 

To understand the magnetic properties and confirm the cross-linking of β-CD onto magnetite 

coated pine cone, VSM technique was conducted and magnetization measurements were 

performed by measuring the applied field dependence of magnetization cycled between -15 

and 15 kOe at room temperature. The VSM results of NTPNC, NTPNC-EPI-CD and NTPNC-

HMDI-CD are presented in Fig.6.12. Magnetic saturation of pure magnetite from chapter 4 

was observed to be 64.66 emu/g, which was seen to reduce to 37.50 emu/g as magnetite was 

coated with pine cone, and further reduced to 21.75 and 24.74 emu/g on crosslinking magnetite 

coated pine cone to cyclodextrin using EPI and HMDI, respectively. Low coercivity values of 

10.64, 10.05 and 13.42 G for NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD, respectively, 

showed the superparamagnetic behavior of materials confirming the crosslinking of β-CD onto 
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magnetite coated pine cone. Similar results were reported by Saeb et al. (2017) in the synthesis 

of functionalized magnetite with β-CD hydroxyl- rich precursor. Magnetization slightly 

reduced after cross-linking cyclodextrin with NTPNC and the effect was more for EPI 

crosslinked than HMDI. However, both nanocomposites exhibit magnetic properties. 

-15000 -10000 -5000 0 5000 10000 15000

-40

-30

-20

-10

0

10

20

30

40

M
a
g
n
e
ti
z
a
ti
o
n
 (

e
m

u
/g

)

Applied magnetic field, H(Oe)

 NTPNC-EPI-CD

 NTPNC-HMDI-CD

 NTPNC

 

Figure 6.12: Magnetization curve of NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD 

 

6.4.6  pH at point zero charge 

The ionic character of the NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposite and 

adsorption behaviour can be analyzed by the pHpzc, which is the pH at which the net charge of 

the surface is zero. pHpzc of NTPNC and after β-CD crosslinking onto NTPNC was conducted 

and the results are given in Fig.6.13. pHpzc of NTPNC biocomposite was found to be 5.86. 

which was observed to slightly shift to a lower pH value of 4.00 after crosslinking with EPI 

while cross-linking with HMDI slightly increased the pHpzc to a higher value of 6.57. The shift 

in pHpzc to lower solution pH after cross-linking the CM-β-CD containing multi carboxyl 

groups with NTPNC using EPI occurred due to the introduction of acidic surface groups onto 

the NTPNC surface. Badruddoza et al. (2011) also obtained a shift in pHpzc from 6.8 to 4.7 after 

surface modification of Fe3O4 nanoparticles with CM-β-CD. On the other hand, an increase in 

pHpzc after crosslinking using HMDI may be attributed to the formation of urethane linkages 

which reduced acidic groups on the NTPNC and β-CD polymer. Similar results have been 
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reported by Choubey (2018) when crosslinking Fenton pre-treated pine cone using HMDI. The 

author observed an increase in pHpzc from 5.40 to 6.12 for the Fenton pre-treated cross-linked 

pine sample. 

 

Figure 6.13: pHpzc of NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD 

 

6.4.7 X-Ray Diffraction analysis 

The XRD analysis of NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposite were 

conducted to confirm crosslinking of β-CD onto NTPNC surface and the XRD pattern is shown 

in Fig 6.14. From the Fig and the discussion in chapter 4, the NTPNC depicts the crystalline 

structure of cellulose I peak at 2 theta 22.84° and five characteristic peaks at 30.09°, 35.42°, 

43.05°, 56.94° and 62.51° corresponding to (220), (311), (400), (511) and (440) of magnetite 

crystalline structure (JCPDS Card no. 19-0629). The diffraction peaks at 30.2°, 35.7°, 43.2°, 

53.6°, 57.2°,62.8° and 74.4° corresponding to the indices (220), (311), (400), (422), (511), (440) 

and (533) ascribed to Fe3O4 were observed for the NTPNC-EPI-CD nanocomposites. The 

NTPNC-HMDI-CD nanocomposite exhibit six characteristics peaks at 2 theta 30.37°, 35.7°, 

43.37°, 53.81°, 57.48° and 63.12° corresponding to indices (220), (311), (400), (422), (511) and 

(440) confirming the cubic crystalline structure of magnetite (JCPDS Card no. 19-0629). Two 

crystalline structure of cellulose I peak at 12.39° and 22.73° due to the presence of pine cone 

and cyclodextrin was also observed for NTPNC-EPI-CD while NTPNC-HMDI-CD 

nanocomposite showed the crystalline structure of cellulose I peak at 22.78°. The XRD patterns 
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of NTPNC-EPI-CD and NTPNC-HMDI-CD shows that the resultant nanocomposites were 

crystalline, and crosslinking did not induce any phase change.  
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Figure 6.14: XRD pattern of NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD 

nanocomposite. 

 

6.4.8  BET Specific surface area 

The surface properties and pore size distribution of NTPNC, NTPNC-EPI-CD and NTPNC-

HMDI-CD were studied using BET technique by recording the adsorption-desorption isotherm 

under nitrogen and the results are shown in Fig.6.15 A and B while the surface properties are 

presented in Table 6.7. The adsorption–desorption isotherms for all nanocomposite adsorbents, 

exhibited a type IV isotherm with H3 type hysteresis loop at a relative pressure between 0.6-

1.0, characteristic for mesopores. BET surface area of NTPNC reported in chapter 4 was 

observed to be 54.80 m2/g. On crosslinking CD onto magnetite using EPI, the surface area was 

observed to reduce to 24.28 m2/g and increased to 64.83 m2/g after crosslinking using HMDI. 

NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites were observed to have the 

pore volume of 0.1522, 0.0705 and 0.1882 cm3/g and average pore size of 23.10, 11.86 and 

11.64 nm, respectively. Cross-linking with EPI exhibited lower surface area while cross-
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linking with HMDI slightly increased the nanocomposite surface area. This may be due to the 

fact that HMDI is a hydrophobic cross-linker which is susceptible to water while EPI is a 

hydrophillic cross-linker. Therefore, it can be said that the high surface area of NTPNC-HMDI-

CD is due to the hydrophobic cross-linker that shows more affinity towards the organic phase, 

which give rise to a mesoporous architecture. Similar results were also observed by Anne et al. 

(2018) when using aromatic (2,4-toluene diisocyanate) and aliphatic (1,6-hexamethylene 

diisocyanate) cross-linker to form insoluble β-CD-TDI and β-CD-HDI. The particle size 

diameter curve of NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposite in Fig.6.15 B 

shows the pore diameters between 50-150 nm with peak value of 100 and 115 nm, respectively, 

indicating that the nanocomposites belongs to macroporous material. 

 

Table 6.7: Surface Properties 

Properties NTPNC NTPNC-EPI-CD NTPNC-HMDI-CD 

Surface area (m2/g) 54.80 24.28 64.83 

Pore volume (cm3/g) 0.1522 0.0705 0.1882 

Ave. pore width (nm) 23.10 11.86 11.64 
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Figure 6.15: (A) Nitrogen adsorption isotherms and (B) Pore size distribution of NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD. 
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6.5 BATCH ADSORPTION STUDIES FOR THE REMOVAL OF 4-NITROPHENOL 

USING NTP-NC, NTPNC-EPI-CD AND NTPNC-HMDI-CD NANOCOMPOSITES 

6.5.1 Effect of solution pH 

Effect of solution pH on the adsorption of 4-Nitrophenol by NTP-NC, NTPNC-EPI-CD and 

NTPNC-HMDI-CD was determined at the solution pH ranging from 2 to 9 and the results are 

presented in Fig.6.16. Results indicate that the removal of 4-Nitrophenol from aqueous solution 

depend highly on the solution pH and NTPNC-HMDI-CD nanocomposite was observed to have 

the highest 4-NP removal followed by NTPNC-EPI-CD then NTP-NC. Adsorption of 4-NP onto 

NTP-NC and NTPNC-EPI-CD were observed to have similar trend. The amount of 4-NP adsorbed 

was observed to increase from 8.08 to 8.36 mg/g and 13.34 to 15.12 mg/g as solution increases 

from pH 2 to pH 3 for NTP-NC and NTPNC-EPI-CD nanocomposite, respectively. Further 

increase in solution pH from pH 3 to pH 9 resulted in a decrease of 4-NP adsorbed for both NTP-

NC and NTPNC-EPI-CD nanocomposite. On the other hand, it was observed that the amount of 

4-NP adsorbed onto NTPNC-HMDI-CD increased from 20.52 to 23.1 mg/g with an increase in 

solution pH from pH 2 to 7 and steadily decreased from 23.1 to 18.01 as solution pH increased 

from pH 7 to pH 9.  

 

Figure 6.16: Effect of solution pH on the adsorption of 4-NP using NTP-NC, NTPNC-EPI-CD 

and NTPNC-HMDI -CD. 
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Effects of pH on 4-NP adsorption have been stated to reveal information about adsorption forces 

and mechanisms. Laszlo et al. ( 2003) suggested 4-types of interactions between the carbon surface 

and the phenols in solution: (1) electron donor–acceptor interactions between the phenolic ring 

and the basic surface oxygen; (2) electrostatic attraction; (3) van der Waals interactions and (4) 

dispersion effect between the phenolic ring and the π electrons of the carbon. Adsorption of 4-

nitrophenol onto the nanocomposites may be well explained by considering its pka value which is 

7.2 and the pHpzc of the nanocomposite samples. pHpzc values of NTPNC, NTPNC-EPI-CD and 

NTPNC-HMDI-CD were observed to be 5.86, 4.00 and 6.57, respectively. Optimum solution pH 

values for all nanocomposite materials are observed to be below 4-nitrophenol pKa value. 

Adsorbent surface carry zero net charge at pHpzc, are positively charged at solution pH below 

pHpzc and negative charge at solution pH above pHpzc. At low solution pH, pH below pKa, 4-

Nitrophenol exist as molecules or in nonionized form while the adsorbent surface groups are 

protonated. The adsorption of 4-nitrophenol on both NTPNC and NTPNC-EPI-CD were favoured 

at low solution pH of 3. Higher 4-nitrophenol removal of NTPNC and NTPNC-EPI-CD at pH 3 

may have occurred through 2 mechanisms. Hydrophobic interaction between pine cone in the 

NTPNC bio-composite and 4-nitrophenol and the hydrogen bonding between weakly acidic Fe-

OH in the NTPNC bio-composite as pH is adjusted to solution pH of 3. NTPNC-EPI-CD had pHpzc 

value of 4.00, where the surface charge is neutral. As solution pH was reduced to 3, the NTPNC-

EPI-CD nanocomposite accumulated H+ ions and became weakly acidic, therefore hydrogen 

bonding between Fe-OH in solution and the OH of the aromatic ring in the 4-nitrophenol occurred. 

Hydrophobic interaction may also occur between (pine cone and 4-nitrophenol) and (cyclodextrin 

and 4-nitrophenol). Zhou et al. (2012) observed high p-nitrophenol removal at lower solution pH 

of 4 when using hypercrosslinked magnetic resin. 

 

Adsorption of 4-nitrophenol onto NTPNC-HMDI-CD was observed to be favoured at solution pH 

of 7. The surface of NTPNC-HMDI-CD had pHpzc of 6.57 and start to build a partial negative 

charge as solution pH is increased to 7, while 4-nitrophenol was in a molecular form. Adsorption 

of 4-nitrophenol onto NTPNC-HMDI-CD at neutral solution may involve several mechanisms 

such as, interaction between ‘‘π’’ electrons that are delocalized on the N-C-O surface structure and 

‘‘π’’ electrons of the benzene ring, hydrogen bonding between the OH of cyclodextrin and Fe-OH 

with 4-nitrophenol, and hydrogen bond and hydrophobic bonds between neutral form of 4-
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nitrophenol and the carbon chains of the NTPNC-HMDI-CD. Hydrophobic bonding between OH 

of the aromatic ring in the 4-nitrophenol and OH on the cyclodextrin and pine cone may also occur. 

NTPNC-HMDI-CD may have interacted with 4-nitrophenol via several mechanisms which 

account for its highest removal than NTPNC and NTPNC-EPI-CD. Its high surface area may have 

also contributed to its higher 4-nitrophenol removal. Therefore, crosslinking with isocyanate 

groups have been found to have improved the 4-nitrophenol removal. Similar results have been 

reported by several reseachers on removal of 4-Nitrophenol by CD based adsorbent (Li et al., 

2009). At high solution pH, pH higher than pKa value, 4-nitrophenol exist as phenolate ions. There 

will be electrostatic repulsion between phenolate ions in solution and the NTPNC, NTPNC-EPI-

CD and NTPNC-HMDI-CD nanocomposite at higher solution pH, hence a reduction in the amount 

of 4-nitrophenol adsorbed for all adsorbents. 

 

6.5.2 Effect of adsorbent dose on 4-nitrophenol adsorption 

The effect of NTP-NC, NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites adsorbent dose 

on adsorption of 4-nitrophenol was studied at the initial concentration of 100 mg/dm3, at solution 

pH of 3 for NTPNC and NTPNC-EPI-CD and pH 7 for NTPNC-HMDI-CD at 26 oC for 2 hrs and 

the results are presented in Fig.6.17 A-C. From the results, an increase in adsorbent dose from 0.05 

to 1.5 g resulted in a decrease in adsorption capacity from 11.08 to 2.47 mg/g, 34.12 to 3.25 mg/g 

and 38.68 to 3.05 mg/g for NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD, respectively. 

However, the percentage removal sharply increased with an increase in adsorbent dosage from 

5.54 to 37.1 %, 17.06 to 48.78 % and 29.01 to 68.55 % for NTPNC, NTPNC-EPI-CD and NTPNC-

HMDI-CD, respectively, due to the increase in the number of available active sites as adsorbent 

dosage increases. The amount of 0.1 g was then taken as the optimum dose for further 4-

nitrophenol adsorption studies for all adsorbents. 
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Figure 6.17: Effect of adsorbent dose for 4-nitrophenol using (A) NTP-NC and (B) NTPNC-EPI-CD nanocomposites. 
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Figure 6.17 C: Effect of adsorbent dose for 4-nitrophenol using NTPNC-HMDI-CD nanocomposite. 
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6.5.3 Effect of contact time  

The effect of contact time on the adsorption of 4-nitrophenol onto NTPNC, NTPNC-EPI-CD and 

NTPNC-HMDI-CD nanocomposite were investigated at different contact time of 0, 0.5, 1, 2, 5, 

10, 20, 30, 60 and 120 min at initial concentration ranging from 25 to 125 mg/dm3 for NTPNC and 

NTPNC-EPI-CD and 50 to 150 mg/dm3 for NTPNC-HMDI-CD and the results are presented in 

Fig.6.18 a-c. All three adsorbent samples show a rapid increase in the amount of 4-nitrophenol 

adsorbed at the initial adsorption stage followed by a gradual increase until reaching an almost 

constant stage at the end of adsorption This is attributed to the fact that at the initial stage of 

adsorption process, the surface of the adsorbent materials was empty and the adsorption sites were 

free while at the end of adsorption process, the surface of the adsorbents were saturated with 4-

nitrophenol molecules. The amount of 4-nitrophenol adsorbed for both nanocomposite adsorbents 

were observed to increase with increasing 4-nitrophenol initial concentration. This can be 

attributed to the extent of driving force of the concentration gradients with the increase in the 4-

nitrophenol concentration. Although the optimum contact time for all three nanocomposites was 

achieved at 120 min, the 4-nitrophenol removal efficiency by NTPNC-HMDI-CD was the highest 

followed by NTPNC-EPI-CD and NTPNC. Therefore, 120 min was selected for further study for 

all nanocomposite adsorbents. 

6.5.4 Kinetics studies - Effect of concentration 

6.5.4.1 Kinetic modelling 

6.5.4.1.1 Pseudo first and pseudo second order models 

To further investigate the process and mechanism of 4-nitrophenol adsorption onto NTP-NC, 

NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites surface, kinetic models were 

employed. The experimental kinetic data for the batch contact adsorption between 0.1 g of NTP-

NC, NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites and different concentrations (25, 

50, 75, 100, and 125 mg/dm3) for NTPNC and NTPNC-EPI-CD and concentrations (50, 75, 100, 

and 125 and 150 mg/dm3) for NTPNC-HMDI-CD of 4-nitrophenol solutions were obtained and 

plotted according to the pseudo-first and pseudo-second order kinetic models and the kinetic 

parameters calculated are presented in Table 6.8 a-c.  
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Figure 6.18: Effect of contact time on the adsorption of 4-nitrophenol onto (A) NTPNC and (B) NTPNC-EPI-CD at different initial 

concentration 
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Figure 6.18 c: Effect of contact time on the adsorption of 4-nitrophenol onto NTPNC-HMDI-CD at different initial concentration 
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The results revealed that the experimental adsorption capacities for each adsorbent increased with 

increasing initial 4-nitrophenol concentration and NTPNC-HMDI-CD had the highest adsorption 

capacity followed by NTPNC-EPI-CD and NTP-NC for all initial concentrations. The adsorption 

capacity of NTPNC for pseudo first order model increased from 1.82 to 9.42 mg/g, from 4.02 to 

18.96 mg/g for NTPNC-EPI-CD and from 15.45 to 36.68 mg/g for NTPNC-HMDI-CD as the 

initial concentration of 4-nitrophenol solution was increased. The adsorption capacity for pseudo 

second order model was observed to increase from 1.99 to 9.42 for NTPNC, 4.06 to 19.22 mg/g 

for NTPNC-EPI-CD and from 18.01 to 38.57 mg/g for NTPNC-HMDI-CD, as the initial 

concentration of 4-nitrophenol solution was increased.  

 

Results from error determination for pseudo first-order from Table 6.8 a-c show coefficient of 

determination, r2 > 0.9930 and % Variable error > 0.06 for NTPNC, r2 > 0.9887 and % Variable 

error > 1.53 for NTPNC-EPI-CD and r2 > 0.9902 and % Variable error > 2.74 for NTPNC-HMDI-

CD. For the pseudo second-order, coefficient of determination of, r2 > 0.9972 and % Variable error 

> 0.15 for NTPNC, r2 > 0.9979 and % Variable error > 0.37 for NTPNC-EPI-CD and r2 > 0.9937 

and % Variable error > 1.94 for NTPNC-HMDI-CD were observed. The correlation coefficients, 

r2, values for the adsorption process were higher for the pseudo-second order kinetic model than 

for the pseudo-first order model while the values of variable error for the pseudo second-order 

model were found to be lower than that of the pseudo first order for all samples. The predicted 

adsorption capacity values of pseudo second order model were closer to the experimental values 

than those of the pseudo first order model for all samples. Results, therefore, reveal that pseudo 

second-order kinetic model better described the adsorption process than the pseudo first order 

kinetic model. Pseudo second order kinetic model strongly suggest that the determining factor in 

the adsorption of 4-nitrophenol onto NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD may be 

chemisorption involving valence forces through electrons sharing or exchange between p-

nitrophenol and the nanocomposites such as hydrogen bond (Wu et al., 2016). Similar results were 

obtained by Shen et al. 2015 when using β-cyclodextrin grafted silica gel for fast adsorption of p-

nitrophenol from aqueous solution. 
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Table 6.8 a: Kinetic data for 4-nitrophenol adsorption onto NTPNC 

Kinetic model 25 mg/dm3 50 mg/dm3 75 mg/dm3 100 mg/dm3 125 mg/dm3 

NTPNC      

Pseudo-first order      

Exp. q (mg/g) 2.01 3.76 5.56 7.24 8.96 

Model q (mg/g) 1.82 3.52 5.27 6.95 9.42 

k1 (min-1) 0.2265 0.2149 0.2025 0.1938 0.0226 

r2 0.9804 0.9887 0.9930 0.9930 0.9795 

%Variable Error 0.010 0.035 0.040 0.060 0.019 

      

Pseudo-second 

order 

     

Exp. q (mg/g) 2.01 3.76 5.56 7.24 8.96 

Model q (mg/g) 1.99 3.86 5.80 7.66 9.42 

k2 (g mg/ min) 0.1370 0.0675 0.0421 0.0303 0.0226 

h (mg/g min) 0.5425 1.0057 1.4162 1.7779 2.0054 

r2 0.9956 0.9972 0.9961 0.9932 0.9895 

%Variable Error 0.003 0.006 0.02 0.05 0.15 
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Table 6.8 b: Kinetic data for 4-nitrophenol adsorption onto NTPNC-EPI-CD 

Kinetic model 25 mg/dm3 50 mg/dm3 75 mg/dm3 100 mg/dm3 125 mg/dm3 

NTPNC-EPI-CD      

Pseudo-first order      

Exp. q (mg/g) 4.02 7.49 11.23 15.36 18.96 

Model q (mg/g) 3.88 7.20 10.86 14.77 18.37 

k1 (min-1) 0.4011 0.5820 0.7586 0.8675 0.9574 

r2 0.9748 0.9682 0.9726 0.9808 0.9887 

%Variable Error 0.05 0.22 0.43 1.53 0.49 

      

Pseudo-second 

order 

     

Exp. q (mg/g) 4.02 7.49 11.23 15.36 18.96 

Model q (mg/g) 4.06 7.55 11.37 15.46 19.22 

k2 (g mg/ min) 0.1480 0.124 0.1109 0.0942 0.0838 

h (mg/g min) 2.4396 7.0683 14.3368 22.5149 30.9564 

r2 0.9959 0.9926 0.9931 0.9979 0.9915 

%Variable Error 0.01 0.05 0.11 0.22 0.37 
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Table 6.8 c: Kinetic data for 4-mitrophenol adsorption onto NTPNC-HMDI-CD 

Kinetic model 50 mg/dm3 75 mg/dm3 100 mg/dm3 125 mg/dm3 150 mg/dm3 

NTPNC-HMDI-CD      

Pseudo-first order      

Exp. q (mg/g) 17.91 22.22 26.66 31.15 35.18 

Model q (mg/g) 15.45 22.56 26.63 31.17 36.68 

k1 (min-1) 0.2215 0.3035 0.3596 0.4365 0.5669 

r2 0.9883 0.9906 0.9912 0.9918 0.9902 

%Variable Error 0.60 0.81 1.00 1.63 2.74 

      

Pseudo-second 

order 

     

Exp. q (mg/g) 17.01 22.22 26.66 31.15 35.18 

Model q (mg/g) 18.01 23.94 28.37 32.93 38.57 

k2 (g mg/ min) 0.0144 0.0164 0.0173 0.0192 0.0224 

h (mg/g min) 4.6708 9.3992 13.9240 20.8201 33.3232 

r2 0.9937 0.9930 0.9929 0.9928 0.9915 

Variable Error 0.30 0.60 0.81 1.03 1.94 
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6.5.4.2 Diffusion processes 

6.5.4.2.1 Intraparticle diffusion model  

Analysis of the rate controlling step in the adsorption process using Weber and Morris model is 

very beneficial for elaborating the adsorption mechanism. The plots of qt versus t0.5 at different 

initial 4-nitrophenol concentrations are shown in Fig. 6.19 A-C for NTPNC, NTPNC-EPI-CD and 

NTPNC-HMDI-CD, respectively. From Fig. 6.19 A-C, the plots of qt versus t0.5 at different initial 

4-nitrophenol concentration show that two steps of adsorption process occurred. There was a rapid 

increase in the 4-nitrophenol adsorption at the initial stage followed by slower stage at which 

adsorption capacity was almost constant for all samples. The first rapid stage due to the external 

surface adsorption occurred because of the availability of large surface area and active adsorption 

site at the beginning of the adsorption process. The second stage which is the gradual adsorption 

stage where intraparticle diffusion is rate-controlled, was due to the decrease in concentration 

gradient leading to low adsorption capacity. The plot of qt versus t0.5 did not pass through the 

origin, indicating that intraparticle diffusion was not solely rate-limiting but rather a complex 

process involving surface adsorption and intraparticle diffusion for all three nanocomposite 

adsorbents. The intraparticle diffusion constant, ki and the boundary layer constant, C were 

calculated from the slope and intercept of the plot of qt versus t0.5 and are shown in Tables 6.9 a-c 

for NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD, respectively. The intraparticle rate 

constant, ki, was observed to increase from 0.0535 to 0.1023 mg/ g min for NTPNC and from 

0.0339 to 0.1110 mg/ g min for NTPNC-EPI-CD with increasing 4-nitrophenol concentration but 

reduced from 0.3787 to 0.2449 mg/ g min with increasing concentration for NTPNC-HMDI-CD. 

An increase in the value of ki with initial concentration was attributed to formation of higher 

concentration gradient which causes faster diffusion and quicker adsorption. Reduction of ki with 

concentration on the other hand, has been reported to be due to smaller total surface area of the 

NTPNC-HMDI-CD as 4-nitrophenol concentration was increased thereby resulting in an increase 

in boundary layer resistance causing a reduction in external diffusion rates (Kupeta et al., 2018). 

The magnitude of the constant, C was observed to increase with increasing 4-nitrophenol initial 

concentration for all adsorbents indicating that as intraparticle diffusion rate increased, more 

solutes were being adsorbed at the boundary. 
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Figure 6.19: Intraparticle diffusion plots of 4-nitrophenol adsorption by (a) NTPNC and (b) NTPNC-EPI-CD at different 

concentrations. 
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Fig. 6.19: (c) Intraparticle diffusion plots of 4-nitrophenol adsorption by NTPNC-HMDI-CD at different concentrations. 
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Table 6.9 a: Intraparticle model data for 4-nitrophenol adsorption onto NTPNC 

Kinetic model 25 mg/dm3 50 mg/dm3 75 mg/dm3 100 mg/dm3 125 mg/dm3 

NTPNC      

Intraparticle 

Diffusion model 

     

ki (mg/ g min) 0.0535 0.0740 0.0870 0.0959 0.1023 

C 1.432 2.975 4.624 6.221 7.882 

r2 0.9944 0.9618 0.9898 0.9748 0.9545 

      

Film Diffusion      

D1 (cm2/s) 1.46 x10-13 1.50 x10-13 1.51 x10-13 154 x10-13 1.58 x10-13 

r2 0.9944 0.9618 0.9898 0.9742 0.9545 

      

Pore Diffusion      

D2 (cm2/s) 1.08 x10-14 1.13 x10-14 1.14 x10-14 1.16 x10-14 1.17 x10-14 

r2 0.9833 0.9798 0.9795 0.9685 0.9671 
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Table 6.9 b: Intraparticle model data for 4-nitrophenol adsorption onto NTPNC-EPI-CD 

Kinetic model 25 mg/dm3 50 mg/dm3 75 mg/dm3 100 mg/dm3 125 mg/dm3 

NTPNC-EPI-CD      

Intraparticle 

Diffusion model 

     

ki (mg/ g min) 0.0339 0.0405 0.0435 0.0954 0.1110 

C 3.659 7.063 10.770 14.314 17.810 

r2 0.9635 0.9395 0.9957 0.9950 0.9224 

Film Diffusion      

D1 (cm2/s) 1.50 x10-13 1.52 x10-13 1.55 x10-13 157 x10-13 1.58 x10-13 

r2 0.9957 0.9763 0.9945 0.9956 0.9433 

Pore Diffusion      

D2 (cm2/s) 1.60 x10-14 2.13 x10-14 3.13 x10-14 3.59 x10-14 3.76 x10-14 

r2 0.9969 0.9969 0.933 0.9977 0.9834 
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Table 6.9 c: Intraparticle model data for 4-nitrophenol adsorption onto NTPNC-HMDI-CD 

Kinetic model 50 mg/dm3 75 mg/dm3 100 mg/dm3 125 mg/dm3 150 mg/dm3 

NTPNC-HMDI-CD      

Intraparticle 

Diffusion model 

     

ki (mg/ g min) 0.3787 0.3753 0.3677 0.2619 0.2449 

C 13.665 19.697 23.681 29.409 35.143 

r2 0.9191 0.9512 0.9588 0.9417 0.9417 

      

Film Diffusion      

D1 (cm2/s) 1.62 x10-13 1.66 x10-13 1.70 x10-13 171 x10-13 1.72 x10-13 

r2 0.9771 0.9598 0.9954 0.9881 0.9704 

      

Pore Diffusion      

D2 (cm2/s) 1.29 x10-14 1.54 x10-14 2.38 x10-14 2.38 x10-14 2.90 x10-14 

r2 0.9622 0.9488 0.9948 0.9987 0.9965 
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6.5.4.2.2 Film and Pore diffusion 

Since intraparticle diffusion plot confirmed the presence of both film and pore diffusion, kinetic 

data were further analysed using the Boyd kinetic expression to predict the actual slow step 

involved in the adsorption process. The plots of qt/qe versus t0.5 for 4-nitrophenol adsorption onto 

NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD are shown in Fig. 6.20 a-c, respectively, and 

the values of the film diffusion constant, D1 at different concentrations were then calculated from 

the slope of the plot and the results are presented in Table 6.9 a-c. Fig. 6.20 a-c, show the initial 

rapid stage followed by a slow and almost constant stage similar to the intraparticle diffusion plot 

for all samples. The values of the film diffusion constant, D1 were observed to increase with an 

increase in concentration for all adsorbent sample but was higher for NTPNC-HMDI-CD followed 

by NTPNC-EPI-CD and NTPNC. The increase in D1 with concentration may be attributed to an 

increase in concentration gradient between the bulk solution and nanocomposites surface. 

Plots of Bt against t at different 4-nitrophenol initial concentrations is shown in Fig. 6.21 a-c to 

identify whether external transport or intraparticle transport control the rate of adsorption for 

NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD, respectively (Boyd et al., 1947, Sarkar et al., 

2003). The values of the constant B are taken from the slope and are used to calculate the pore 

diffusion coefficient, D2 (since from eq. 5.16, B = D2π
2/a2) and the values are presented in Table 

6.9 a-c for NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD, respectively. The plot in Fig.6.21 

a-c shows a rapid initial stage of 4-nitrophenol showing linear relationship for all adsorbent 

samples. The plot for NTPNC in Fig. 6.21 a, did not pass through the origin but cut the y-axis 

between -0.413 and -0.496 suggesting that external mass transfer is rate-limiting at the initial 

stages of the adsorption process. As NTPNC was crosslinked to CD using both EPI and HMDI, 

the intercept shifted towards the positive values signifying an increase in external mass transfer 

process because of cross-linking. 

The lines were close to the intercept for NTPNC-EPI and NTPNC-HMDI confirming greater 

participation of external mass transfer at the initial stage of adsorption. The values of pore diffusion 

coefficients, D2 in Tables 6.9 a-c, were found to increase with increasing concentration from 1.08 

x10-14 to 1.17 x10-14 cm2/s for NTPNC and from 1.60 x10-14 to 3.76 x10-14 cm2/s for NTPNC-EPI-

CD and 1.29 x10-14 to 2.90 x10-14 cm2/s for NTPNC-HMDI-CD. NTPNC-EPI-CD and NTPNC-
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HMDI-CD nanocomposites had higher D1 and D2 values than NTPNC bio-composite indicating 

that cyclodextrin cross-linking onto magnetite coated pine cone improved the adsorbent surface 

resulting in faster diffusion across the boundary layer and into the pores. The values of film 

diffusion coefficients, D1, were also seen to be higher than those of pore diffusion coefficients, D2 

for all nanocomposites, indicating that film diffusion may be the overall rate determining process 

at this stage of the adsorption process 
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Figure 6.20: Fractional uptake plots of 4-nitrophenol adsorption by (a) NTPNC and (b) NTPNC-HMDI-CD at different concentration. 
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Fig. 6.20: (c) Fractional uptake plots of 4-nitrophenol adsorption by NTPNC-HMDI-CD at different concentrations. 
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Figure 6.21: Boyd plot for 4-nitrophenol adsorption onto (a) NTPNC and (b) NTPNC-EPI-CD at different concentrations. 
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Fig. 6.21: (c) Boyd plot for 4-nitrophenol adsorption onto NTPNC-HMDI-CD at different concentrations. 
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6.5.5 Kinetic studies - Effect of Temperature  

Temperature plays an important role in the adsorption process because it affects the diffusion rate 

of adsorbate molecules and surface physicochemical properties of adsorbents. The effect of 

temperature on the kinetics models and diffusion models were conducted and discussed in this 

section.  

 

6.5.5.1 Kinetic modelling 

6.5.5.1.1 Pseudo first and pseudo second order models 

Kinetics studies of 4-nitrophenol adsorption onto NTPNC-EPI-CD and NTPNC-HMDI-CD were 

performed with a constant initial 4-nitrophenol concentration of 100 mg/dm3 and 0.1 g at five 

different temperatures (299, 301, 304, 306 and 309 K) and modelled using the linear forms of the 

pseudo first and pseudo-second order kinetic models. The effect of contact time at different 

temperatures on the amount of 4-nitrophenol removed by NTPNC, NTPNC-EPI-CD and NTPNC-

HMDI-CD is shown in Fig.6.22 a-c, while the kinetics data at different temperatures are presented 

in Table 6.10 a-c, respectively. From Fig. 6.22 a-c, it has been observed that the amount of 4-

nitrophenol adsorbed increased rapidly for the first 5 min, followed by a slower adsorption rate 

until reaching a saturation of adsorption capacity due to the full occupation of available active 

sites. The amount of 4-nitrophenol adsorbed was observed to increase with increase in temperature 

from 299 to 309 K for all nanocomposite adsorbents and NTPNC-HMDI-CD had the highest 

removal followed by NTPNC-EPI-CD and NTPNC. An increase in adsorption capacity with 

increasing temperature is due to the increase in mobility of the phenolate ions and a decrease in 

the retarding forces acting on the diffusing ions. It is reported that the adsorption capacity will 

increase with an increase in temperatures if the adsorption process is controlled by the diffusion 

process (intraparticle transport-pore diffusion). However, it has been observed that the diffusion 

of adsorbate into pores of the adsorbent is not the only rate-controlling step for all nanocomposite 

adsorbents. Therefore, the increase in adsorption capacity with an increase in temperature may be 

attributed to chemisorption.
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Figure 6.22: Effect of contact time at different temperature for 4-nitrophenol adsorption onto (a) NTPNC and (b) NTPNC-EPI-CD. 
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Fig. 6.22: (c) Effect of contact time at different temperature for 4-nitrophenol adsorption onto NTPNC-HMDI-CD. 
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The results in Table 6.10 a-c show the error determination as measured by correlation coefficient, 

r2 and % variable error for 4-nitrophenol removal using NTPNC, NTPNC-EPI-CD and NTPNC-

HMDI-CD. Error measurements for pseudo first-order model were r2 > 0.9930 and % variable 

error < 4.470 for NTPNC, r2 > 0.9809 and % variable error < 3.070 for NTPNC-EPI-CD and r2 > 

0.9912 and % variable error < 11.952 for NTPNC-HMDI-CD. Pseudo second-order gave the r2 > 

0.9972 and % variable error < 0.934 for NTPNC, r2 > 0.9987 and % variable error < 0.449 for 

NTPNC-EPI-CD and r2 > 0.9995 and % variable error < 0.723 for NTPNC-HMDI-CD. From the 

correlation coefficient and % variable error results, pseudo second order model was observed to 

have high r2 values and low % variable error indicating that pseudo second order model better 

described the kinetic data for all three nanocomposite adsorbents. The adsorption capacities of 

both NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites increased with an increase in 

temperature indicating the endothermic nature of adsorption. The pseudo-second-order rate 

constant, k2 and initial sorption rates, h were observed to increase with an increase in temperature 

from 299 to 309 K for both NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites. This 

increase may be due to the fact that at higher temperatures, the increase in heat and the subsequent 

kinetic energy leads to increased mobility of the solute, which results to higher adsorption rates. 

6.5.5.1.2 Activation energy 

The activation energy provides information about the nature of the adsorption process. If the 

activation energy values are in the range 5-40 kJ/mol, adsorption process is said to be physical 

adsorption with relation to weak van der Waals forces such as hydrogen bonding. Adsorption 

process is considered to be through chemical bonds between the surface of the adsorbent and the 

adsorbate molecules formed if activation energy values are in the range 40-800 kJ/mol (Zhang et 

al., 2017). The pseudo second order activation energy of 4-nitrophenol onto NTPNC, NTPNC-

EPI-CD and NTPNC-HMDI-CD were calculated to be 96.76 with r2 value of 0.7279, 31.94 with 

r2 value of 0.9583 and 31.87 with r2 value of .9583, respectively. From the results, it can be said 

that the adsorption of 4-nitrophenol onto NTP-NC was through chemisorption but physisorption 

occurred for NTPNC-EPI-CD and NTPNC-HMDI-CD. 

 



281 
 

Table 6.10 a: Kinetic data for 4-mitrophenol adsorption onto NTP-NC 

Kinetic model 299 K 301 K 304 K 306 K 309 K 

NTP-NC      

Pseudo-first order      

Exp. q (mg/g) 7.42 12.87 19.34 26.66 31.52 

Model q (mg/g) 6.95 12.21 19.10 25.53 29.77 

k1 (min-1) 0.1938 0.4294 1.0953 1.8167 2.2314 

r2 0.9930 0.9764 0.9528 0.9422 0.9715 

% Variable Error 0.064 0.524 1.915 4.470 2.905 

      

Pseudo-second 

order 

     

Exp. q (mg/g) 7.42 12.87 19.34 26.66 31.52 

Model q (mg/g) 7.66 12.91 19.03 26.81 30.96 

k2 (g mg/min) 0.0303 0.0486 0.0952 0.1130 0.1349 

h (mg/g min) 1.7779 8.1001 34.4758 81.2216 129.3045 

r2 0.9932 0.9972 0.9927 0.9679 0.9945 

% Variable Error 0.062 0.063 0.297 0.934 0.561 
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Table 6.10 b: Kinetic data for 4-nitrophenol adsorption onto NTPNC-EPI-CD 

Kinetic model 299 K 301 K 304 K 306 K 309 K 

NTPNC-EPI-CD      

Pseudo-first order      

Exp. q (mg/g) 15.36 21.25 26.94 31.76 36.32 

Model q (mg/g) 14.77 20.03 25.59 30.39 34.66 

k1 (min-1) 0.8673 1.4253 1.8677 2.2277 2.5950 

r2 0.9809 0.9479 0.9739 0.9782 0.9775 

% Variable Error 0.537 2.517 1.9948 0.9897 3.070 

      

Pseudo-second 

order 

     

Exp. q (mg/g) 15.36 21.25 26.94 31.76 36.32 

Model q (mg/g) 15.46 21.05 26.71 31.46 35.89 

k2 (g mg/min) 0.0942 0.1141 0.1250 0.1360 0.1463 

h (mg/g min) 22.5148 50.5580 89.1780 134.6035 188.4479 

r2 0.9919 0.9907 0.9977 0.9987 0.9976 

% Variable Error 0.226 0.449 0.176 0.155 0.324 
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Table 6.10 c: Kinetic data for 4-nitrophenol adsorption onto NTPNC-HMDI-CD 

Kinetic model 299 K 301 K 304 K 306 K 309 K 

NTPNC-HMDI-CD      

Pseudo-first order      

Exp. q (mg/g) 27.66 37.32 45.28 53.98 63.30 

Model q (mg/g) 26.62 35.97 43.55 51.79 60.81 

k1 (min-1) 0.3569 0.49.8 0.6399 0.8714 0.9994 

r2 0.9912 0.9866 0.9799 0.9743 0.9734 

%Variable Error 1.000 2.490 5.194 9.223 11.952 

      

Pseudo-second 

order 

     

Exp. q (mg/g) 27.66 37.32 45.28 53.98 63.30 

Model q (mg/g) 28.37 37.87 45.78 54.41 63.89 

k2 (g mg/ min) 0.0173 0.0197 0.0221 0.0249 0.0257 

h (mg/g min) 13.9240 28.2525 46.3174 73.7152 104.9057 

r2 0.9929 0.9984 0.9894 0.9995 0.9987 

Variable Error 0.182 0.300 0.136 0.134 0.723 
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6.5.5.2 Diffusion modelling 

6.5.5.2.1 Intraparticle diffusion 

The plots of qt versus t0.5 in Fig 6.23 a-c were rapid at the initial rapid stage followed by slower 

stage at which adsorption was almost constant. The straight line did not pass through the origin, 

indicating that intraparticle diffusion was not solely rate-limiting. Therefore, the plots suggest that 

both film and particle diffusion influenced the adsorption of 4-nitrophenol onto all three 

nanocomposite adsorbents. The values of ki and C obtained from the slope and the intercept of the 

linear plot of q versus t0.5 are presented in Table 6.11 a-c. The value of ki was observed to increase 

from 0.0959 mg g-1 min-0.5 to 0.1763 mg g-1 min-0.5 for NTPNC, and 0.0954 mg g-1 min-0.5 to 0.1036 

mg g-1 min-0.5 for NTPNC-EPI-CD as temperature was increased from 299 to 309 K and decrease 

from 0.3677 mg g-1 min-0.5 to 0.1675 mg g-1 min-0.5 for NTPNC-HMDI-CD. The magnitude of C 

increased with temperature for both NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites 

suggesting greater participation of surface adsorption and activation of adsorption sites with 

increase in temperature.  

 

6.5.5.2.2 Pore and film diffusion 

The effect of pore and film diffusion on intraparticle diffusion at different temperatures was 

examined. Both the film diffusion, D1, and the pore diffusion, D2, were determined as they control 

the intraparticle diffusion process. The plots of fractional uptake of 4-nitrophenol onto NTPNC, 

NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposite versus t0.5 are shown in Fig. 6.24 a-c, 

respectively. It was seen that the adsorption process tends to be followed by two phases, which are 

the initial rapid linear period followed by a slow and almost constant stage. The values of the film 

diffusion constant, D1 at different temperatures were then calculated from the slope of the plot of 

qt/qe versus time and recorded in Table 6.11 a-c for NTPNC, NTPNC-EPI-CD and NTPNC-

HMDI-CD nanocomposite, respectively. The calculated values of Bt vs. t were plotted to identify 

whether external transport or intraparticle diffusion controls the rate of adsorption and are shown 

in Fig. 6.25 a-c.  
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Figure 6.23: Intraparticle diffusion of 4-nitrophenol adsorption onto (a) NTPNC and (b) NTPNC-EPI-CD at different temperatures. 
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Fig. 5.23: (c) Intraparticle diffusion of 4-nitrophenol adsorption onto NTPNC-HMDI-CD at different temperatures. 
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Table 6.11 a: Intraparticle model data for 4-mitrophenol adsorption onto NTP-NC. 

Kinetic model 299 K 301 K 304 K 306 K 309 K 

NTP-NC      

Intraparticle 

Diffusion model 

     

ki (mg/ g min) 0.0959 0.1040 0.1437 0.1684 0.1763 

C 6.221 13.360 17.839 25.779 29.642 

r2 0.9742 0.9795 0.9871 0.9805 0.9532 

Film Diffusion      

D1 (cm2/s) 1.54 x10-13 1.52 x10-13 1.34 x10-13 114 x10-13 1.09 x10-13 

r2 0.9694 0.9689 0.9497 0.9974 0.9847 

Pore Diffusion      

D2 (cm2/s) 1.14 x10-14 1.15 x10-14 2.16 x10-14 2.29 x10-14 2.36 x10-14 

r2 0.9688 0.9737 0.9381 0.9881 0.9243 
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Table 6.11 b: Intraparticle model data for 4-nitrophenol adsorption onto NTPNC-EPI-CD 

Kinetic model 299 K 301 K 304 K 306 K 309 K 

NTPNC-EPI-CD      

Intraparticle 

Diffusion model 

     

ki (mg/ g min) 0.0954 0.0965 0.0979 0.1004 0.1036 

C 14.314 20.268 25.841 30.691 36.238 

r2 0.9950 0.9657 0.9828 0.9781 0.9469 
Diffusion model      

Film Diffusion      
D1 (cm2/s) 1.57 x10-13 1.28 x10-13 1.2 x10-13 1.09 x10-13 9.97 x10-14 

r2 0.9454 0.9832 0.9642 0.9416 0.9284 

Pore Diffusion      

D2 (cm2/s) 3.59 x10-14 2.99 x10-14 2.78 x10-14 2.66 x10-14 2.58 x10-14 
r2 0.9948 0.9938 0.9944 0.9712 0.9459 
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Table 6.11 c: Intraparticle model data for 4-nitrophenol adsorption onto NTPNC-HMDI-CD 

Kinetic model 299 K 301 K 304 K 306 K 309 K 

NTPNC-HMDI-CD      

Intraparticle 

Diffusion model 

     

ki (mg/ g min) 0.3677 0.2772 0.2431 0.1927 0.1675 

C 23.681 34.445 42.786 52.025 61.625 

r2 0.9588 0.9036 0.9868 0.9649 0.9055 

Diffusion model      

Film Diffusion      

D1 (cm2/s) 1.70 x10-13 1.60 x10-13 1.52 x10-13 1.50 x10-13 1.40 x10-13 

r2 0.9454 0.9832 0.9642 0.9416 0.9284 

      
Pore Diffusion      

D2 (cm2/s) 2.06 x10-14 2.15 x10-14 2.20 x10-14 2.40 x10-14 2.50 x10-14 

r2 0.9948 0.9938 0.9944 0.9712 0.9459 
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The plots of Bt vs. t for the adsorption of 4-nitrophenol onto NTPNC, NTP-NC-EPI-CD and 

NTPNC-HMDI-CD nanocomposites were found to be linear at the initial stage of the adsorption 

process (up to 5 min of contact) and did not pass through the origin at all temperatures investigated 

indicating that external mass transfer mainly governs the adsorption process at the initial stages 

(Ofomaja, 2010). The values of the intercepts of the plots cutting the y-axis for NTPNC were 

observed to shift towards the positive value as NTPNC was cross-linked to CD using both 

epichlorohydrin and 1.6-hexamethylene diisocyanate. This suggest that NTPNC-EPI-CD and 

NTPNC-HMDI-CD had stronger participation of external mass transfer in the rate determining 

step. The values of D1 for NTPNC, NTP-NC-EPI-CD and NTPNC-HMDI-CD nanocomposites in 

Table. 6.11 a-c, were observed to reduce while D2 values increased with increasing reaction 

temperature for all nanocomposite adsorbents. The reduction in the values of D1 may be attributed 

to rapid saturation of active sites on the adsorbent surface leading to the reduction of mass transfer 

across the thin liquid film. On the other hand, an increase in D2 with increasing temperature was 

observed which may be due to increased mobility of the 4-nitrophenol molecules in solution with 

increasing temperature. Higher values of D2 over D1 for all nanocomposites indicates that 

adsorption mechanism is controlled by pore diffusion.  
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Figure 6.24: Fractional uptake of 4-nitrophenol adsorption onto (a) NTPNC and (b) NTPNC-EPI-CD at different temperatures. 
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Fig. 6.24: (c) Fractional uptake of 4-nitrophenol adsorption onto NTPNC-HMDI at different temperatures-
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Figure 6.25: Boyd plot of 4-nitrophenol adsorption onto (a) NTPNC and (b) NTPNC-EPI-CD nanocomposite at different 

temperatures. 
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Fig. 6.25: (c) Boyd plot of 4-nitrophenol adsorption onto NTPNC-HMDI-CD nanocomposite at different temperatures. 
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6.5.6 Equilibrium isotherm 

Equilibrium isotherm models give significant information about the adsorption mechanism and the 

nature of interaction between the biosorbent and adsorbate in solution. Equilibrium adsorption 

studies were conducted for the removal of 4-nitrophenol onto NTPNC, NTRPNC-EPI-CD and 

NTPNC-HMDI-CD nanocomposites from concentrations ranging from 25 to 125 mg/dm3 for 

NTPNC and NTPNC-EPI-CD and 25 to 150 mg/dm3 NTPNC-HMDI-CD at different temperatures 

from 299 to 309 K. The equilibrium plots of 4-nitrophenol adsorption capacity versus equilibrium 

concentration for NTPNC, NTRPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites are shown 

in Fig. 6.26 A-C, respectively. The 4-nitrophenol adsorption capacity was observed to increase 

with increasing equilibrium concentration until attaining an almost constant value, due to 

increasing adsorption driving force for all adsorbents. The amount of 4-nitrophenol adsorption 

capacity was also seen to increase with increasing temperature from 299 to 309 K. Temperature of 

309 K was taken as the highest temperature as 4-nitrophenol adsorption capacity was observed to 

reduce at higher temperature meaning that 4-nitrophenol adsorption is favoured at 309 K or lower 

temperatures. This might be due to the fact that 4-nitrophenol molecules escape from the solid 

phase to the bulk phase with an increasing temperature thereby weakening the forces of attraction 

between 4-nitrophenol and the nanocomposite adsorbent (Tang et al., 2007). 

The values of the equilibrium constants obtained for the isotherm models along with values of 

correlation coefficient, r2 and errors determination were calculated for all nanocomposites 

adsorbents and are shown in Table 6.12 a-c. The correlation coefficient, r2 values for Langmuir 

model where in the range of 0.9982-0.9997, 0.9995-0.9999 and 0.9995-0.9998 while the errors 

determination, % variables were in the range of 0.02-0.1, 0.03-0.08 and 0.07-0.18 for NTPNC, 

NTRPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites, respectively. Langmuir model gave 

good fit suggesting that adsorption sites on all nanocomposite adsorbents are homogeneous with 

monolayer coverage of 4-nitrophenol molecules on the surface. The equilibrium constant, ka, for 

Langmuir isotherm had values increasing from 0.0222-0.0605, 0.0252-0.3080 and 0.505-0.0971 

for NTPNC, NTRPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites, respectively as 

temperature increases. 
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Figure 6.26: Equilibrium adsorption of 4-nitrophenol onto (a) NTPNC and (b) NTPNC-EPI-CD 
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Figure 6.26: (c) Equilibrium adsorption of 4-nitrophenol onto NTPNC-HMDI-CD 
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Table 6.12 a: Equilibrium data for 4-nitrophenol adsorption onto NTPNC 

Isotherm model 299 K 301 K 304 K 306 K 309 K 

NTPNC      

Langmuir      

 q (mg/g) 13.69 19.59 25.10 30.23 38.69 

Ka (dm3/mg) 0.0222 0.0275 0.0389 0.0486 0.0608 

r2 0.9991 0.9982 0.9986 0.9993 0.9997 

%Variable Error 0.02 0.08 0.10 0.08 0.05 

      

Freundlich      

n 2.30 2.49 2.85 3.08 2.70 
3 1( / )( / ) n

FK mg g dm mg  
1.263 2.273 4.008 5.720 7.702 

r2 0.9914 0.9487 0.9878 0.9875 0.9897 

%Variable Error 0.12 0.53 0.95 0.99 1.78 

      

      

Dubinin–Radushkevich      

qs (mol/g) 3.32 × 10-4 4.62 × 10-4 6.17 × 10-4 6.62 × 10-4 7.17 × 10-4 

β (mol2/J2) 9.90 × 10-9 9.55 × 10-9 9.55 × 10-9 9.11 × 10-9 8.90 × 10-9 

E (kJ/mol) 7.11 7.24 7.31 7.41 7.50 

r2 0.9821 0.9680 0.9655 0.9635 0.9721 

%Variable Error 0.17 0.75 1.12 1.11 1.99 
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Table 6.12 b: Equilibrium data for 4-nitrophenol adsorption onto NTPNC-EPI-CD 

Isotherm model 299 K 301 K 304 K 306 K 309 K 

NTPNC-EPI-CD      

Langmuir      

 q (mg/g) 27.83 33.23 38.68 42.33 45.39 

Ka (dm3/mg) 0.0252 0.0424 0.0640 0.1234 0.3080 

r2 0.9995 0.9997 0.9996 0.9999 0.9999 

%Variable Error 0.04 0.04 0.08 0.03 0.05 

      

Freundlich      

n 2.69 5.36 8.40 13.78 21.20 
3 1( / )( / ) n

FK mg g dm mg  
2.292 2.818 3.243 4.195 5.794 

r2 0.9921 0.9901 0.9924 0.9885 0.9835 

%Variable Error 0.60 1.33 1.54 3.32 6.20 

      

      

Dubinin–Radushkevich      

qs (mol/g) 6.89 × 10-4 7.03 × 10-4 7.17 × 10-4 7.93 × 10-4 8.76 × 10-4 

β (mol2/J2) 9.70 × 10-9 9.66 × 10-9 9.56 × 10-9 9.41 × 10-9 9.38 × 10-9 

E (kJ/mol) 7.18 7.19 7.23 7.29 7.30 

r2 0.9869 0.9788 0.9840 0.9679 0.9486 

%Variable Error 0.75 1.53 1.75 4.02 6.88 
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Table 6.12 c: Equilibrium data for 4-nitrophenol adsorption onto NTPNC-HMDI-CD 

Isotherm model 299 K 301 K 304 K 306 K 309 K 

NTPNC-HMDI-CD      

Langmuir      

 q (mg/g) 44.00 48.52 54.35 60.57 66.89 

Ka (dm3/mg) 0.0505 0.0594 0.0705 0.0842 0.0971 

r2 0.9996 0.9995 0.9997 0.9997 0.9998 

%Variable Error 0.07 0.12 0.10 0.18 0.13 

      

Freundlich      

n 3.34 3.48 3.64 3.80 3.86 
3 1( / )( / ) n

FK mg g dm mg  
9.179 11.015 13.523 16.319 18.779 

r2 0.9839 0.9847 0.9773 0.9698 0.9667 

%Variable Error 3.35 4.05 7.83 13.48 18.40 

      

      

Dubinin–Radushkevich      

qs (mol/g) 7.93 × 10-4 8.59 × 10-4 9.68 × 10-4 10.8 × 10-4 12.1 × 10-4 

β (mol2/J2) 9.44 × 10-9 9.35 × 10-9 9.30 × 10-9 9.18 × 10-9 9.08 × 10-9 

E (kJ/mol) 7.28 7.31 7.33 7.38 7.42 

r2 0.9719 0.9715 0.9603 0.9469 0.9430 

%Variable Error 0.25 0.67 1.05 1.00 1.95 
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The increasing equilibrium constant values suggest that stronger bonds are formed between 4-

nitrophenol and the nanocomposites adsorbents and the NTPNC-HMDI-CD had the highest values 

followed by NTPNC-EPI-CD and NTPNC. The monolayer capacity was also observed to increase 

with increasing temperature and NTPNC-HMDI-CD had higher values than those of NTPNC-EPI-

CD and NTPNC indicating the participation of the hydrophobic NTPNC-HMDI-CD in the 4-

nitrophenol adsorption process. The results also show that NTPNC-HMDI-CD nanocomposite has 

the higher affinity for 4-nitrophenol which can be due to the higher surface area and pore volume 

of the sample. The Freundlich isotherm showed the correlation coefficient, r2 in the range 0.9487-

0.9914, 0.9835-0.9924 and 0.9667-0.9847 while percentage variable error gave values in the range 

of 0.12-1.78, 0.60-6.20 and 3.35-18.40 for NTPNC, NTRPNC-EPI-CD and NTPNC-HMDI-CD 

nanocomposites, respectively. Both parameters, n and KF were observed to increase in magnitude 

with increase in temperature suggesting that both affinity for 4-nitrophenol and adsorption capacity 

were favoured by increasing temperature.  

 

Dubinin–Radushkevich isotherm gave correlation coefficient, r2, in the range 0.9635-9.8721, 

0.9486-.9869 and 0.9430-0.9719 and percentage variable error ranging from 0.17-1.99, 0.75-6.88 

and 0.25-1.95 for NTPNC, NTRPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites, 

respectively. The saturation capacity was also found to increase with increasing adsorption 

temperature for all nanocomposite adsorbents. The adsorption energy parameter, β was found to 

decrease from 9.90 x 10-9 to 8.90 x 10-9 mol2/kJ2 for NTPNC and from 9.70 x 10-9 to 9.38 x 10-9 

mol2/kJ2 for NTPNC-EPI-CD and from 9.44 x 10-9 to 9.08 x 10-9 mol2/kJ2 for NTPNC-HMDI-CD 

as temperature was increased from 299 to 309 K. The mean free energy of adsorption which gives 

an indication of the adsorption mechanism increased with adsorption temperature from 7.11 to 

7.50 kJ/mol for NTPNC, from 7.18 to 7.30 kJ/mol for NTPNC-EPI-CD, and from 7.28 to 7.42 

kJ/mol for NTPNC-HMDI-CD nanocomposite. The values of the mean free energy of adsorption, 

E, for all nanocomposite adsorbents obtained were below 8 kJ/mol indicated that physical process 

governed the 4-nitrophenol mechanism. Similar results have been reported by other researcher for 

adsorption of phenolic compounds (Kumar et al., 2018). Comparing the correlation coefficient, r2 

of the three isotherm models, (Table 6.12a-c), The results suggest that the Langmuir model 

provided better fit of the adsorption data followed by Freundlich the Dubinin-Radushkevich.  
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6.5.7 Thermodynamics studies 

To gain insight into the adsorption behaviour of 4-nitrophenol onto NTPNC, NTPNC-EPI-CD and 

NTPNC-HMDI-CD, thermodynamics parameters such as Gibbs free energy change (ΔG), 

enthalpy change (ΔH) and entropy change (ΔS) were calculated according to Eq.5.26 and the 

results are given in Table 6.13. The results show that the calculated values of ΔG for all 3 

nanocomposite adsorbents were negative and reduced from -19.98 to -23.23 kJ/mol for NTPNC, 

from -20.29 to -27.46 kJ/mol for NTPNC-EPI-CD and from -22.02 to -24.43 kJ/mol for NTPNC-

HMDI-CD with increasing temperature from 299 to 309 K implying that the adsorption process 

was spontaneous at all temperatures and spontaneity reduced with temperature. A reduction in ΔG 

with increasing temperature indicate a less driving force resulting in lesser adsorption capacity. 

The positive values of ΔH for all adsorbents (39.78 kJ/mol for NTPNC, 82.98 kJ/mol for NTPNC-

EPI-CD and 29.23 kJ/mol for NTPNC-HMDI-CD) demonstrated that the 4-nitrophenol adsorption 

onto all three nanocomposite adsorbents was endothermic and thermodynamically favourable 

while the positive values of ΔS (94.85 J/mol K for NTPNC, 223.89 J/mol K for NTPNC-EPI-CD 

and 608.64 J/mol K for NTPNC-HMDI-CD) indicated the increase in number of species at the 

solid-liquid interface and greater stability of the adsorption process. 
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Table 6.13: Thermodynamics parameters of 4-nitrophenol adsorption onto NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD 

Adsorbent Temperature 

(K) 

ΔG (kJ/mol) ΔH (kJ/mol) ΔS (J/mol K) 

NTP-NC 299 -19.98   

 301 -20.67   

 304 -21.73 39.78 94.85 

 306 -22.44   

 309 -23.23   

     

NTPNC-EPI-CD 299 -20.29   

 301 -21.73   

 304 -22.99 82.98 223.89 

 306 -24.81   

 309 -27.40   

     

NTPNC-HMDI-CD 299 -22.02   

 301 -22.57   

 304 -23.23 29.23 608.64 

 306 -23.83   

 309 -24.43   
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6.6 ADSORPTION MECHANISM 

From the results obtained from effect of solution pH and kinetics studies, the adsorption 

mechanism of p-nitrophenol onto NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD was 

speculated. FTIR analysis before and after adsorption were conducted to confirm the mechanism 

that govern the 4-nitrophenol adsorption onto NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD 

nanocomposites. 

 

6.6.1 FTIR before and after 4-nitrophenol adsorption 

Adsorption of 4-nitrophenol on carbon materials has been reported to be via several interactions 

such as polar, hydrophobic, electron donor acceptor and hydrogen bonding (Li et al., 2012). The 

involvement of various functional groups in 4-nitrophenol removal mechanism was elucidated 

based on the FTIR analysis in the wavelength range of 4000-500 cm-1. FTIR spectra of NTPNC, 

NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites before and after 4-nitrophenol 

adsorption are shown in. Fig. 6.27 a-c. The main difference in the NTPNC and NTPNC-EPI-CD 

spectra before and after 4-nitrophenol are observed to be the hydroxyl and carbonyl groups. The 

broad OH stretching vibration at 3307 cm-1 on the NTPNC nanocomposite and 3343 on the 

NTPNC-EPI-CD were observed to have increased in intensity and shifted to 3334 cm-1 and 3366 

cm-1 for NTPNC and NTPNC-EPI-CD after 4-nitrophenol adsorption, respectively. This may be 

due to the formation of hydrogen bond between 4-nitrophenol and the magnetite on the NTPNC 

and β-cyclodextrin units on the NTPNC-EPI-CD. The C-O vibration peak at 1622 cm-1 for NTPNC 

and at 1639 cm-1 for NTPNC-EPI-CD were found to have shifted to 1591 for NTPNC and splitted 

into two peaks at 1628 and 1583 cm-1 on the NTPNC-EPI-CD nanocomposite. A new, very intense 

peak appeared at the wavenumber 1285 cm-1 due to the asymmetry and symmetry stretching of N-

O indicating the adsorption of 4-nitrophenol onto NTPNC-EPI-CD nanocomposite. The band at 

1027 and 1034 cm-1 indicating the antisymmetric glycosidic C-O-C vibration were observed to 

shift to 1022 and 1029 cm-1 after 4-nitrophenol adsorption for NTPNC and NTPNC-EPI-CD 

nanocomposites, respectively. The changes in these peak positions indicate the important role of 

hydrogen bonding and π-π interactions formation between 4-nitrophenol and the nanocomposite 

adsorbents during the adsorption.  
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Figure 6.27: FTIR spectra of (a) NTP-NC and (b) NTPNC-EPI-CD, before and after 4-nitrophenol adsorption 
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Similar observation has been reported by other researchers (Shen et al., 2015; Salgin et al., 2016).  

On the other hand, the main difference in the FTIR spectra of NTPNC-HMDI-CD before and after 

4-nitrophenol adsorption in Fig. 6.27c, are the shift in the region of 3318-3314, 1573-1542, 1024-

933, 598-533 cm-1 which represented the N-H bond stretching vibrations, the stretching vibration 

of the C=C in the phenyl ring, the C-O-C vibration and the Fe-O peaks, respectively. The sharp 

peak at 3318 cm-1 due to N-H bond shifted to lower wavenumber and broadened indicating the 

presence of hydroxyl groups after 4-nitrophenol adsorption. Peaks at 2261, 1691. and 1624 cm-1 

due to the unreacted isocyanate group (-N=C=O), the C=O vibration and C-O stretching, were 

observed to disappear after 4-nitrophenol adsorption showing their participation in 4-nitrophenol 

adsorption. The N-O peak at 1255 cm-1 was observed to increase in intensity and shifted to 1232 

cm-1 due to 4-nitrophenol adsorption (Salgin et al., 2016). The results suggest that 4-nitrophenol 

interacted with oxygen functions of the NTPNC-HMDI-CD nanocomposite. Oxygen groups like 

carboxylic and carbonyl groups on the adsorbent surfaces have been shown to enhance adsorption 

process by delocalizing the aromatic π-cloud of nitrophenols leading to π-hydrogen bonding 

between electron rich oxygen of the carboxyl and carbonyl groups and the hydrogen atoms of the 

4-nitrophenol (Zheng et al., 2017). 
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Fig. 6.27: (c) FTIR spectra of NTPNC-HMDI-CD before and after 4-nitrophenol adsorption 
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Therefore, based on the FTIR analysis above and the effect of solution pH results, the adsorption 

of 4-nitrophenol mechanism onto NTPNC may be due to hydrogen bonding between weakly acidic 

Fe-OH groups and the OH of the aromatic ring in the 4-nitrophenol. The mechanism that govern 

4-nitrophenol adsorption onto NTPNC-EPI-CD may be hydrogen bonding, inclusion complex due 

to the presence of cyclodextrin in the nanocomposite and hydrophobic interaction. The adsorption 

of 4-nitrophenol onto NTPNC-HMDI-CD may be governed by inclusion complex, hydrogen 

bonding, interaction between π electrons that are delocalized on the N-C-O surface structure of the 

hexamethylene diisocyanate and the π electrons of the benzene ring in 4-nitrophenol and 

hydrophobic interaction. Because, cyclodextrin have electron rich hydrophobic cavities, they have 

the ability to form inclusion complexes with 4-NP by hydrogen bond formation as illustrated in 

scheme 6.3 (Zolfaghari, 2016). 

 

Scheme.6.3: The formation of CD-inclusion complex by CD with 4-Nitrophenol (Zolfaghari, 

2016). 

 

6.7 EFFECT OF IONIC STRENGTH  

The effect of ionic strength on the uptake of 4-NP onto NTPNC, NTPNC-EPI-CD and NTPNC-

HMDI-CD was performed using NaNO3 in the concentration range of 0.01 to 0.2 mol/dm3 and the 

results are shown in Fig.6.28 The results reveal that NTPNC-HMDI-CD had the highest 4-NP 

adsorption capacity than NTPNC-EPI-CD and NTPNC. For all three samples, 4-NP adsorption 

capacity reduced slightly with an increase in NaNO3 ionic strength. This may be due to the fact 

that, when NaNO3 salt was added, the sample solution became more viscous causing difficulty in 

mass transfer thereby lowering the 4-NP adsorption capacity (Anne et al., 2018). The reduction in 

interaction between 4-NP and the NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD 

nanocomposite surface occurred on adding the salt, and the competition between Na+ and 4-NP 

for the active sites was observed. According to Arafat et al. (1999), if phenols adsorbed onto 
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adsorbents were dissociated anions, K+ in KCl would pair with the negative adsorbates and the 

ionic repulsion among molecules adsorbed on the surface would be reduced. Therefore, the 

adsorption capacity would increase with increasing concentration of additional KCl. However, 

from results in Fig. 6.28, the amount of 4-nitrophenol adsorbed was observed to reduce with an 

increase in effect of NaNO3 ionic strength, implying that 4-nitrophenols adsorbed onto 

nanocomposites are molecules not dissociated anions. Similar observations were reported by Al-

Ashes et al. 2004. The authors observed a decrease in 4-NP uptake in the presence of NaCl and 

KCl up to 0.025 M which was due to competition between the salt ions (Na+ and K+) and the 

adsorbate species for active sites.  

 

Figure 6.28: Effect of ionic strength for 4-nirophenol uptake onto NTPNC, NTPNC-EPI-CD and 

NTPNC-HMDI-CD 
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6.8 EFFECT OF COMPETING ANIONS 

The influences of coexisting anions such as carbonate, sulphate, phosphate, chloride and nitrate on 

the 4-NP removal by NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD nanocomposites are 

shown in Fig. 6.29. The results indicated that the presence of carbonate, sulphate, phosphate, 

chloride, and nitrate had some effect on the 4-NP adsorption. The amount of 4-NP adsorbed 

reduced from 8.80, 14.38 and 25.3 mg/g for NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD, 

respectively. Phosphate was observed to have affected the 4-NP adsorption more than all other 

anions followed by chloride, nitrates, sulphates and carbonates. The effect of competing ions as 

shown in Fig 6. followed the order 𝐶𝑂3
2− > 𝑆𝑂4

2− > 𝑁𝑂3
− > 𝐶𝑙− >  𝑃𝑂4

3−. The 𝐶𝑂3
2− and 𝑆𝑂4

2− are 

divalent anions with ionic radius of 178 and 258 pm, respectively while the monovalent 

electrolytes, 𝑁𝑂3
− and 𝐶𝑙− have ionic radius of 179 and 167 pm, respectively.  𝑃𝑂4

3−is a trivalent 

anion with ionic radius of 238 pm. The presence of these ions in solution may block active sites of 

the nanocomposites thus reducing 4-NP adsorption capacity. Results also show that higher valence 

and bigger ionic hydrated radius of the anions were not beneficial for the adsorption of 4-

nitrophenol on all nanocomposite adsorbents. Ahmaruzzaman and Gayatri, 2010 also observed a 

reduction in p-nitrophenol adsorption capacity in the presence of competing anions when using 

activated tea waste as potential low cost adsorbent for p-nitrophenol removal.  

 

Figure 6.29: Effect of competing anions on 4-NP uptake onto NTPNC, NTPNC-EPI-CD and 

NTPNC-HMDI-CD nanocomposite 
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6.9 DESORPTION AND REGENERATION STUDIES 

Desorption studies were performed to evaluate the possibility of reusability of the synthesized 

NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD as efficient adsorbents. Adsorbent reusability 

is very important because it can greatly reduce the material cost which is significant for industrial 

application. Because phenols have shown high solubility in ethanol (Li et al., 2009), 4-NP 

adsorption-desorption cycle on NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD was repeated 

5 times using ethanol as the desorbing solvent and the results are shown in Fig.6.30 a and b. It can 

be observed from Fig.6.30 (a) that ethanol was effective in the desorption process, with the 

desorption efficiency of 84.69, 91.55 and 95.93 % for NTPNC, NTPNC-EPI-CD and NTPNC-

HMDI-CD, respectively. Ethanol has been reported to desorb organic pollutants efficiently from 

some other cyclodextrin-based adsorbents (Zolfaghari, 2016). The adsorption capacity was 

observed to reduce gradually from 10.54, 10.00, 9.45, 7.25 and 6.00 mg/g for NTPNC, from 23.76, 

22.64, 22.28, 18.20 and 16.25 mg/g for NTPNC-EPI-CD and from 31.56, 29.7, 25.66, 18.60 and 

15.24 mg/g NTPNC-HMDI-CD. The reduction in adsorption capacity has been reported to be due 

to the decrease in active sites of the adsorbent as it is applied several times and the structural 

damage of surface functional groups on the adsorbent (Mohammadi and Veisi, 2018). The 

regeneration results, however, show that all adsorbents can be reused for at least three adsorption–

desorption cycles without significant loss of its adsorption capacity. 
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Figure 6.30: (a) Desorption profile and (b) Regeneration of 4-NP onto NTPNC, NTPNC-EPI-CD and NTPNC-HMDI-CD after 5 

cycles of adsorption-desorption. 
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6.10 CONCLUSION 

This study successfully applied response surface methodology, to optimize working conditions 

for the cross-linking of magnetite coated pine cone onto beta-cyclodextrin using both 

epichlorohydrin and 1,6-hexamethylene diisocyanate as cross-linking agents and their ability 

to remove 4-nitrophenol from aqueous solution was compared. A central composite design was 

effectively used for the experimental design and the analysis of the results. The optimum values 

predicted via response surface methodology showed that the NTPNC-EPI-CD and NTPNC-

HMDI-CD nanocomposites were capable to remove 15.32 and 24.39 mg/g of 4-nitrophenol, 

respectively. The adsorption process was dependent on solution pH, adsorbent dose, initial 

concentration of temperature. The adsorption data were observed to follow pseudo second 

order kinetic model and the 4-nitrophenol uptake process was found to be controlled by 

external mass transfer at the earlier stage and by film diffusion at later stage. The proposed 

mechanism for 4-nitrophenol adsorption may be hydrogen bonding and hydrophobic 

interaction for NTPNC, hydrogen bonding, inclusion complex and hydrophobic interaction for 

NTPNC-EPI-CD while hydrogen bonding, hydrophobic interaction, inclusion complex and π-

π interaction mechanisms are proposed for 4-nitrophenol onto NTPNC-HMDI-CD 

nanocomposite. Compared with the magnetite coated pine cone (NTPNC) and the magnetite 

coated pine cone cross-linked to cyclodextrin using epichlorohydrin (NTPNC-CD-EPI), 

magnetite coated pine cone cross-linked to cyclodextrin using 1,6-hexamethylene diisocyanate 

(NTPNC-CD-HMDI) had higher adsorption capacity for the removal of 4-nitrophenol from 

aqueous solution and was comparable with other adsorbents. Results suggest that NTPNC-EPI-

CD and NTPNC-HMDI-CD can be used as a reusable absorbent for easy, convenient, and 

efficient removal of 4-nitrophenol from aqueous solution. 
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Chapter 7 

7  Conclusion and recommendations 

Surface properties improvement of pine cone by NaOH treatment and adsorption properties 

improvement of magnetite and NaOH treated pine by coating magnetite with NaOH treated 

pine was examined in the first part of the study. Magnetite coated pine cone bio-composite was 

successfully synthesised, optimized, characterized and applied for toxic Cr(VI) and As(III) 

adsorption from aqueous solution. A novel biosorbent magnetite-nanomaterial cross-linked to 

cyclodextrin using epichlorohydrin and hexamethylene diisocyanate was synthesised in the 

second part of the study and its application for 4-nitrophenol removal from aqueous solution 

was studied. The conclusion on the findings of the present research are summarised and some 

recommendations for future work are proposed. 

 

7.1 CONCLUSION 

The following conclusion was drawn based on the results obtained. 

The first part of the thesis focused on the synthesis and characterization of magnetite 

nanoparticles coated pine cone using co-precipitation method. The magnetite coated pine cone 

was successfully synthesized, characterized and applied for Cr(VI) and As(III) removal from 

aqueous solution. VSM results showed that the magnetite retained its magnetic properties after 

pine cone coating which allowed easy separation of the nanocomposite adsorbent after Cr(VI) 

and As(III) adsorption. Both structural and morphological analysis showed the spherically 

shaped magnetite nanoparticles with average particle size of 8.1 nm. FTIR and XPS techniques 

were conducted to elucidate the adsorption mechanism. Thermodynamics results indicated that 

the adsorption process of both Cr(VI) and As(III) onto NTP and NTPNC was endothermic and 

spontaneous in nature. Removal of Cr(VI) and As(III) was governed by ionic exchange 

mechanism as confirmed by shifting of the hydroxyl and carboxylate groups in the FTIR peaks. 

XPS spectra after Cr(VI) and As(III) adsorption confirmed that the toxic Cr(VI) was reduced 

to the less toxic Cr(III) and As(III) was oxidised to the less toxic As(V) after adsorption. Cr(VI) 

was found to bind to the surface of both NTP and NTPNC by the adsorption coupled reduction 

mechanism while As(III) bounded by ligand ion exchange and formation of inner-sphere 

complexes. The desorption results showed that ion-exchange is the predominant mechanism 

followed by chemisorption for Cr(VI) adsorption for both NTP and NTP-NC while the 
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predominant mechanism for As(III) adsorption was ion-exchange. Both NTP and NTPNC 

adsorbent were stable over five adsorption-desorption cycles for As(III) and 4 cycles for Cr(VI) 

adsorption-desorption process. 

 

On the second part of the thesis, magnetite coated pine cone bio-composite was successfully 

cross-linked to β-CD using epichlorohydrin and 1,6 Hexamethylene diisocyanate. Synthesis 

conditions using both cross-linking agents were successfully optimized using response surface 

methodology, characterized and applied for 4-nitrophenol adsorption from aqueous solution. 

RSM results showed the most influential synthesis variables that control the investigated 

variables and the optimum values were obtained. The binding of β-CD onto the magnetite bio-

composite surface was confirmed by FTIR, TGA, XRD, VSM, pHpzc and BET surface area 

analysis. Cross-linking process led to improvement in surface characteristics, level of 

hydrophobicity, and incorporation of relevant functional groups. The 4-nitrophenol adsorption 

on the nanocomposite adsorbents was observed to be pH, adsorbent amount, concentration and 

temperature dependant. The kinetics of 4-nitrophenol adsorption onto all three nanocomposite 

adsorbents followed the pseudo-second-order model and intraparticle diffusion. It can be 

concluded that the magnetite coated pine cone crosslinked to cyclodextrin using hexamethylene 

diisocyanate is considered a promising, effective and alternative adsorbent for the removal of 

4-nitrophenol from aqueous solution, because of its high surface area, adsorption capacity, 

availability, and low cost. 1,6-hexamethylene diisocyanate is proposed as better cross-linker 

for the removal of 4-nitrophenol than epichlorohydrin. 

 

7.2 RECOMMENDATIONS 

 Based on the findings of this research, it is therefore, recommended that the magnetite 

coated pine cone crosslinked to cyclodextrin using epichlorohydrin be explored for 

heavy metals removal from wastewater since it is hydrophilic and did not perform very 

well for 4-nitrophenol adsorption.  

 Other organic pollutants such as dyes and other phenolic derivatives may be explored 

using the magnetite coated pine crosslinked to cyclodextrin using 1,6-hexamethylene 

diisocyanate. 

 The research has focused only on the batch adsorption studies for Cr(VI), As(III) and 

4-nitrophenol removal, it is therefore recommended that the upscaling be taken into 
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consideration. A continuous separation system may be designed which will measure 

the feasibility of the nanocomposite adsorbents in real and practical application. It is 

capable to treat large volumes of pollutants and reach high removal efficiency and 

minimize time required for the adsorbent to reach equilibrium and also improve the 

adsorption process.  

 More kinetic models and isotherms may be determined for better understanding of the 

adsorption mechanism for all pollutants investigated. 

 


