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ABSTRACT 

Heavy metals pose risks to the humans and the environment. Lead (II) and copper (II) are of 

particular concern because they can cause irreversible damage to vital body organs. Their 

sources include leaded paints, old water piping systems, pesticides, fertilizers and metal 

recycling plants. Various methods such as adsorption have been used to remove these metals 

from wastewater. The total surface area and surface functionalities of an adsorbent affect the 

adsorption of the adsorbate. Conventional adsorbents such as clay which are considered to be 

inexpensive have been found to have moderate surface areas hence do not adsorb heavy metals 

to appreciable levels. This challenge could be met by exploring advanced adsorbents whose 

surfaces can be manipulated to introduce functional groups that have an adsorption affinity for 

heavy metal cations onto their surfaces. Currently, research is focused on designing carbon-based 

nanomaterials such as graphene oxide (GO) and carbon nanotubes (CNT) for the removal of 

heavy metals from water. Optimization and derivatization of these adsorbents by other groups 

such as β-cyclodextrin, enhance their adsorption efficiencies. The objectives of this study were to 

synthesize, characterize and optimize the adsorption characteristics of GO conjugated with 

methyl-β-cyclodextrin (GO-mβCD) and oxygenated CNT coated with polypyrrole 

(oMWCNT/Ppy). GO-mβCD and oMWCNT/Ppy were synthesized, characterized and applied as 

adsorbents to determine the adsorption behavior of Pb(II) and Cu(II) from aqueous solutions. 

Pristine and oxidized carbon nanotubes (pMWCNT and oMWCNT) were used as reference 

adsorbents for oMWCNT/Ppy and graphene oxide (GO) a reference for GO-mβCD. The GO-

mβCD was synthesized through in situ aggregation of GO and mβCD while oMWCNT/Ppy was 

synthesized using in situ oxidative polymerization method. Scanning electron microscopy 

(SEM), Fourier transform infrared (FTIR) spectroscopy, Raman spectroscopy and 

thermogravimetric analysis (TGA) and X-ray Diffraction (XRD) showed that oMWCNT/Ppy 

and GO-mβCD were used to characterize the synthesized adsorbents. The experimental data of 

means of triplicates were determined at a confidence level of 95%. The adsorption processes 

fitted better to the Langmuir isotherm than Freundlich isotherm indicating that the adsorption 

was monolayer. The adsorption data fitted better onto the pseudo-second order kinetic model 

than pseudo-first order kinetic model implying that the adsorption process involved both the 

adsorbate and the adsorbent. The adsorption capacities indicated that derivatization of oMWCNT 

with Ppy significantly (p≤0.05) enhanced its adsorption capacity for both Pb(II) and Cu(II) by 

50.1% and 43.9%, respectively. Equally, the derivatization of GO with mβCD makes it a better 

adsorbent for Pb(II) than pure GO by 43.8% although this was not applicable for Cu(II). The 

uptake of the metal ions in a single metal system was significantly higher (p≤0.05) than that of 

binary metal ion system when oMWCNT/Ppy was applied. In addition, the desorption studies 

indicate that the composite adsorbents, GO-mβCD and oMWCNT/Ppy can be used repeatedly up 

to five times with minimal loss of their initial adsorption capacity. More heavy metal species and 

these derivatives need to be investigated to come up with a wider conclusions on the adsorption 

capacity of these derivatives. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background of study 

Water quality has emerged as a global issue and will become increasingly important in the future 

because pure clean drinking water is an important factor in determining the quality of life. 

However, industrial effluents from acid mines, agrochemical plants, textile plants, tanneries, 

electroplating facilities, and agricultural runoffs containing residues of pesticides and fertilizers 

among other anthropogenic activities are presenting challenges in providing clean water (Reza & 

Singh, 2010). These activities have caused redistribution of heavy metals in the aquatic systems 

such that these polluting metal ions have reached levels that present harm to both humans and 

aquatic life (Marques, Rosa, & Pinheiro, 2000). The challenge of removing these heavy metals 

from the wastewater before discharging it to the environment is still unmet. 

The heavy metal ions are non biodegradable and hence they tend to bioconcentrate in living 

things and at certain levels they become toxic. These metals include: lead, copper, mercury, 

arsenic, chromium, cadmium among others. Lead has been found in paints, while copper is found 

in pesticides. Both of these metals have been found in old water piping systems, metal recycling 

plants, dumpsites and some traces are found in fertilizers (Ochieng, Lalah & Wandiga, 2007; 

Ndeda & Manohar, 2014). Locally, lead poisoning has been reported in Uhuru-Owino slums in 

Mombasa which was as a result of discharge from a lead-acid accumulator recycling plant 

(Okeyo & Wangila, 2012). Recently, the Kenya Bureau of Standards (Kebs) reported that the 

sugar meant for household use contained high levels of copper and lead (Kebs, 2018). Lead and 

copper metals are of particular interest because exposure to high levels of lead attacks the brain 

and the nervous system (Joachim & Felistas, 2000) and accumulation of copper in the body can 

damage to vital body organs such as the kidney, liver and brain (Bertinato & L’Abbe, 2004; 

Nordberg, Flower, Nordberg, & Friberg 2007). The removal of these metals from the 

environment is paramount in order to prevent or reduce the damage caused by these metals in 

humans  

Numerous water treatment methods have been used and reported to remove heavy metals from 

wastewater, these include; membrane filtration, chemical precipitation, electrochemical 

techniques, solvent extraction, coagulation-flocculation, ion-exchange, evaporation, 
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concentration and adsorption among other methods (Droste & Gehr, 1997; Li et al., 2003a; 

Sekar, Sakthi, & Rengaraj, 2004; Kurniawan, Chan, Lo, & Babel, 2006a; Liu, Bai & Ly, 2008). 

The disadvantages associated with most of these methods are the consumption of large amounts 

of reagents and energy, and as a consequence they produce large amounts of toxic sludge that 

need further treatment. Another limitation is the high equipment capital cost, requirement of 

specialized personnel and time consumption (Kurniawan, Chan, Lo, & Babel, 2006b). However, 

the adsorption method has received a lot of attention recently due to its versatility, robustness, 

simplicity and cost effectiveness for the removal of pollutants from water (Babel & Kurniawan, 

2003).  

The surface properties of an adsorbent such as pore size distribution and surface functionalities 

have an influence on its adsorption capacity. Larger surface area results to increased exposure of 

the adsorbates to the active sites of the adsorbent during sorption (Mohanty, Das, & Biswas 

2008). Several natural adsorbents such as activated carbon made from wool, egg and coconut 

shell (Sekar et al., 2004), and banana peel (Annadurai, Juang, & Lee, 2003) have been studied 

for absorption. Other common adsorbents like; resins (Diniz, Doyle, & Ciminelli, 2002), clay 

(Amer, Khalili, & Awwad, 2010; Alsewailem & Aljlil, 2013) and zeolites (Biskup & Subotic, 

2004) have also been studied. Despite the fact that these materials are readily available and 

relatively inexpensive, they have relatively low adsorption efficiencies due to their relatively 

moderate surface area to volume ratio, long diffusion paths and irregular adsorption sites (Wan 

Ngah & Hanafiah, 2008; Barakat, 2011). The listed drawbacks have led to the continued research 

for more innovative adsorbents with higher adsorption efficiencies. 

The advancement in nanotechnology has led to the development of nanoadsorbents that have 

large surface area, accessible active sites and short diffusion paths. These nanoadsorbents include 

the carbon based adsorbents; graphene, carbon nanotubes and their composites which have been 

reported to possess a great potential of removing heavy metal ions from water (Zhao, Ren, & 

Chen, 2012). Graphene; an atom-thick single layer of carbon atoms in a closely packed 

honeycomb hexagonal two-dimensional lattice, is the basic building block for graphitic materials 

such as graphene oxide, fullerene, carbon nanotubes (CNT) and other carbon materials (Geim & 

Novoselov, 2007).  
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Graphene and its related nanocomposites have been studied for various applications including; 

energy related materials, sensors, biomedical materials because of their excellent mechanical, 

electrical, thermal properties and large surface area (Novoselov et al., 2004; Park & Rouff, 

2009). Due to its high specific surface area (theoretical value, 2630 m2 g-1), graphene based 

adsorbents have been synthesized and applied in the removal of heavy metal ions from aqueous 

solutions (Huang et al., 2011; Hao et al., 2012; Sui, Meng, Zhang, Ma, & Cao, 2012). The 

introduction of different functional groups is a possible route to enhance the adsorptive 

performance of graphene and related materials. As a result, large quantities of lead and copper 

adsorbed by graphene oxide (GO), an oxidized derivative of graphene, has been attributed to a 

larger surface area and the oxygen functionalities of the graphene oxide (Wu et al., 2013; 

Opeyemi, Adebola, Gururaj, & Aderemi, 2014).  

The presence of effective functional groups for sorption enhances the sorption capabilities of a 

sorbent by forming specific bonds with metal ions and improving its dispersion properties in 

aqueous solutions. Cyclodextrins (CDs) are composed of glucose units that have a truncated 

conical shape characterized by hydrophobic inner cavity and hydrophilic exterior containing 

hydroxyl groups. Studies have shown that cyclodextrins can selectively bind organic and 

inorganic molecules through their hydrophobic cavities by forming guest-host complexes (Li et 

al., 2013; Wang et al., 2014, Shanshan, Yang, Xiaobin, Fengbao, & Guoliang, 2014). In 

addition, the exterior hydroxyl groups on the CDs have been reported to form complexes with 

metal ions (Badruddoza, Tay, Hidayat, & Uddin, 2011; Huang, Liu, Zhang, Xu, & Hu, 2012). 

The hydrophilic exterior of CDs makes them dispersive reagents due to their excellent film-

forming ability, as a result CDs have been used to disperse or functionalize graphene (Guo et al., 

2010). The methyl- and hydroxy- substituted βCDs are more water soluble derivatives of βCDs 

(Zhang et al., 2014). Though GO has shown great potential in the sorption of heavy metal ions, 

attaching of βCDs onto it has been seen to enhance its dispersibilty property (Konkena & 

Vasudevan, 2012; Zhang et al., 2014) hence attaching methyl-beta-cyclodextrin (mβCD) onto 

GO may result to a composite that is more dispersible in water and thus enhancing its adsorption 

capacity. The combined properties of the mβCD and GO may result to a composite with superior 

adsorption capacity compared to the mβCD or GO adsorbent used individually. Thus, there is 

need to understand the nature and interaction of such an adsorbent for the removal of lead (II) 

and copper (II) ions from water. 
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Carbon nanotubes (CNT) are also being widely studied for various applications including 

electrical materials and water remediation due to their unique properties such as high 

conductivity, chemical stability and large surface area (An et al., 2001; Kim, Nam, Ma, & Kim, 

2006; Rao, Lu, & Su, 2007). CNT and functionalized CNT have been found to have good 

adsorbent capacities for heavy metal ions in aqueous solutions due their unique morphologies (Li 

et al., 2002; Lu & Chiu, 2006; Rao et al., 2007).  

On the other hand, polypyrrole (Ppy) is a polymer matrix that carries charges via π-electrons on 

nitrogen atoms that provides a good prospect for its applications in adsorption of heavy metal 

ions (Seid, Chouder, Maouche, Bakas, & Barka, 2014; Mahmud, Hosseini, & Yahya, 2014). 

Several composites of Ppy have been studied for the removal of heavy metal ions from water 

including; bantomite-Ppy composite (Alawa, Srivastava, Srivastava, & Palsania, 2015) and rice 

husk ash-Ppy (Sobhy & Reyad, 2015). Oxidised CNT are better adsorbents than pristine CNT 

because the negative charges of oxygen functional groups on the surface of the CNT donate 

electron pairs to metal ions facilitating cation exchange (Shim, Park, & Ryu, 2001; Dai, He, & 

Li, 2003), and also these groups make CNT hydrophilic enhancing their adsorption capacity. 

Therefore, a composite of CNT and Ppy would utilize both the electron pairs of the functional 

groups on the CNT surface and the π-electrons from the amine groups on Ppy- with possible 

prospects of improved heavy metal removal from water through synergy between these two 

nanoadsorbents. Sahmetlioglu, Wilma, Acts, & Skylark (2014) performed a column study on the 

adsorption of Pb(II) from aqueous solution using such a composite. However, there is limited 

understanding, if any, on the adsorption capacity of OCNT/Ppy composite through batch 

adsorption process. A study, therefore, is necessary to synthesize OCNT/Ppy composite and 

study its application in the batch adsorption of heavy metals like copper (II) and lead (II) ions 

from water for better understanding of the chemistry involved. 

The adsorption capacities of adsorbents to remove metal ions from water have been reported to 

be a function of the initial pH of the solution, contact time, initial metal ion concentration and 

adsorbent dosage (Kosa, Al-Zhrani, & Salam, 2012; Wu et al., 2013). The equilibrium 

adsorption conditions of the proposed adsorbents are also not yet reported; therefore, the 

optimum adsorption conditions of pH, contact time, initial metal ion concentration should be 

established. 
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Sorption of ions is a competitive process between ions present in a solution; hence, the study of 

removal of single metal ions in solution has imperfect practical applications (Li et al., 2003a). 

Instead competitive adsorption is what takes place when two or more metals adsorb to the same 

adsorption sites in wastewater (Stafiej & Pyrznska, 2007; Ryan, Tartakovsky, & Amon, 2011). 

The relative efficiencies of the nanocomposites have been reported in competitive adsorption 

studies to be relatively higher for individual metal ion in solution than in binary metal aqueous 

solutions (Li et al., 2003a; Sitko et al., 2013). Hence, there is need to establish the competitive 

adsorption capacities of these proposed adsorbents in removing heavy metals in the presence of 

other metal ions. 

The cost effectiveness of any adsorbent is its reusability. The repeated use of an adsorbent 

through adsorption-desorption cycles reduces the overall cost of the adsorbent. Desorption of the 

metal ions from the surface of the adsorbent strongly depends on the pH of the regeneration 

solution. Studies on the regeneration of both CNT and GO have shown that desorption of metal 

ions is higher at lower pH than at higher pH (Li et al., 2005; Wu et al., 2013). The adsorbents of 

CNTs and GO have shown the potential of being reused in a number of treatment times. Hu et al. 

(2010) and Vukovic et al. (2011) reported that iron oxide/MWCNT/CDs and eMWCNT could be 

utilized up to five cycles, respectively. According to Wu et al. (2013) the adsorption capacity of 

GO was maintained above 95% of its initial capability after five cycles and above 90% after ten 

cycles. There is no documentation showing the viability of the proposed adsorbents in order to 

establish the how many times they can be reused. 

1.2 Statement of the problem 

Heavy metals in water are a risk to human health. Several methods of water treatment that have 

been used to remove the heavy metals have unmet challenges such as need for high operational 

pressures, aggregation and high consumption of reactants. The use of adsorbents is, at present, 

the most popular method used to treat wastewater. However, the problems associated with the 

conventional adsorbents include relatively moderate surface area and irregular adsorption sites 

hence they have relatively lower absorption capacities. Graphene and carbon nanotubes have 

relatively large surface area than conventional adsorbents; however, there is need to enhance 

their adsorption efficiencies by grafting onto them other functionalized nano-adsorbents to 

increase their performance through synergy. The adsorption of any adsorbent is dependent on the 
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conditions of target adsorbates such as pH and concentration, hence, the need for optimization of 

these conditions. At the same time, the presence of other adsorbates related to target adsorbates 

in the same solution have an effect on the adsorption efficiency of any adsorbent, therefore, their 

influence should be determined.  

There is need, therefore, to develop adsorbents with more efficient adsorption capacities for 

heavy metal ions like Cu(II) and Pb(II) ions from water. This challenge could be tackled by 

studying the synthesis of GO grafted with materials like methyl-β-cyclodextrin and polypyrrole 

conjugated oxidized multi-walled CNT nanocomposites and apply these nanocomposites in the 

removal of Cu(II) and Pb(II) ions from water. This development challenge invites the need for 

understanding the nature of the interacting materials by characterizing them. 

1.3 Objective of the Study 

General objective 

To synthesize and characterize graphene oxide modified with methyl-β-cyclodextrin and 

oxidized multi-walled carbon nanotubes incorporated with polypyrrole adsorbents, and optimize 

the removal of copper (II) ions and lead (II) ions from aqueous solution using these adsorbents. 

1.4 Specific objectives  

In order to achieve the above broad objective, this work intended to:  

i. Synthesize and characterize graphene oxide modified with methyl-β-cyclodextrin  

ii. Synthesize and characterize oxidized multi-walled carbon nanotubes incorporated 

with polypyrrole (oMWCNT/Ppy). 

iii. Determine the effects of pH, contact time and concentration of the Cu(II) ions and 

Pb(II) ions using the derived adsorbents.   

iv. Determine the competitive sorption on the adsorbents of metal ions in binary aqueous 

systems. 

v. Determine the reusability of adsorbents. 

 

1.5 Research Questions 

 

i. Can graphene oxide be functionalized with methyl-β-cyclodextrin? 
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ii. Can oxidized multi-walled carbon nanotubes be functionalized with polypyrrole? 

 

1.6 Null hypothesis (H0) 

iii. The efficiency of the synthesized GO-mβCD and oMWCNT/Ppy nanocomposite is 

not affected by changes in pH, contact time and concentration of the Cu(II) ions and 

Pb(II) ions in their removal. 

iv. There is no sorption competition by an individual metal ion on adsorption with the 

other metal ion in the same solution.  

v. The synthesized nanocomposites cannot be reused 

 

1.7 Justification 

Bioaccumulation of heavy metal ions in the human body is a health concern because the 

presence of an unacceptable levels of Pb(II) and Cu(II) ions in the body cause irreversible 

damage to vital body organs. The removal of these metal ions from the environment is 

paramount. The development of an adsorbent that has higher adsorption efficiency than the 

conventional adsorbents for these heavy metal ions offers a solution to the reduction of these 

metal ions from water. This would contribute in minimizing the risks these metals pause to 

humans. Thus the focus has shifted to nanomaterials due to their remarkable properties such 

as high surface to volume ratio, ability to self-assemble and high specific reactivity. The 

economy of adsorbents dictates that an adsorbent should be relatively cheap and effectively 

recyclable for daily and extensive use. These nanoadsorbents are expected to have high 

adsorption capacities and to be effectively regenerated. In addition, the present extensive 

application of graphene and carbon nanotubes in many fields implies that there would be large 

scale production resulting to low costs. These properties, their cost effectiveness and ease of 

production would make them suitable alternative materials for the removal of heavy metal 

ions from water. Further still, functionalizing these carbon materials with other 

nanoadsorbents would result to nanocomposites that are expected to work faster and have 

relatively higher binding capacity for the target heavy metal ions. The adsorption efficiency of 

any adsorbent is uniquely dependent on specific application conditions of the adsorbates 

which include the pH, contact time and concentration of adsorbates. Thus, maximum 
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utilization of the adsorbents demands that adsorption is performed at the optimum adsorption 

conditions of target adsorbates. Furthermore, an understanding of the competition for sorption 

sites on the adsorbents for adsorbates occurring together with target adsorbates should also be 

established. 

 

1.8 Significance of the Study 

The derivatization of graphene oxide and CNT with other nanoadsorbents would result to the 

formation of nanocomposites with relatively higher adsorption efficiencies than the 

conventional adsorbents thus reducing the cost of removing heavy metals from water. The 

knowledge on the optimum adsorption conditions of pH, contact time and metal ion 

concentration by these adsorbents will help the user -at industrial or domestic levels- on the 

effective way to apply these adsorbents economically. 

Knowledge of the adsorption efficiency of these adsorbents for one metal ion in the presence 

of another metal in a solution will lead to optimum use of then adsorbent. On the other hand, 

the knowledge on the reusability of these adsorbents would lead to their maximum utilization, 

hence reduce their overall cost. 
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CHAPTER 2 

LITERATURE REVIEW 

In this section the following will be discussed: the sources of heavy metal ions in water and the 

effects of heavy metal ions on humans, the conventional techniques for removal of heavy metal 

ions in water, the carbon based nanoadsorbents in particular graphene and carbon nanotubes, the 

synthesis and characterization of graphene and carbon nanotube composites, factors influencing 

the sorption of heavy metal ions on an adsorbent, the sorption mechanisms, competitive sorption 

of metal ions and regeneration of adsorbents. 

2.1 Heavy metal ions in water: sources of contamination and effects 

Toxic heavy metals which include: lead, copper, zinc, mercury, cadmium, arsenic, chromium and 

nickel are of particular concern in wastewater treatment. They originate from anthropogenic 

sources such as domestic wastewater, untreated industrial effluents, municipal wastewater and 

fertilizers (Reza and Singh, 2010). These trace elements in water interfere with the survival and 

growth of aquatic life (Odiete, 1999), and also present a long-term source of contamination to 

higher trophic organisms through the food chain (Odiete, 1999; Loska & Wiechula, 2003). Some 

heavy metals such as manganese iron, chromium, copper and zinc are essential micronutrients 

but their presence in large quantities may be extremely dangerous (Rao Ramesh, Rao & 

Seshaiah, 2006; Nordberg, Flower, Nordberg, & Friberg, 2007). 

 Lead sources include leaded paints and some water piping systems while copper emanates from 

pesticides, fertilizers and old water piping systems. Locally, Okeyo & Wangila (2012) reported 

lead poisoning in the Owino Uhuru slums in Mombasa which was emanating from smelting of 

recycled lead-acid accumulators. The report indicated that population within this environment 

and those working within plant had been exposed to high levels of lead from the plant. In a study 

on the blood lead levels in selected areas in Kenya, Kimani (2007) found out that there was a 

significant environmental and occupational human exposure to lead in Nairobi. Lead and copper 

exposure results to the irreversible damage on vital body organs. Lead poisoning can lead to 

damages on the brain and the central nervous system while copper can cause damage to the 

kidney, brain and liver. This study therefore focused on the heavy metals lead and copper metal 

ions and their removal from water. 
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2.1.1 Lead 

Lead is non-biodegradable toxic heavy metal that easily accumulates in the human body. Some 

of the sources of lead include lead paints, some water pipes and emissions from metal recycling 

plants (Okeyo & Wangila, 2012). Trace levels are also found in fertilizers (Mortvedt, 1995; 

Lawrence & Brian, 2002). When discharged into the environment before proper treatment, 

industrial and municipal wastewater, results to accumulation of lead in the ecosystem which is 

eventually transported into water bodies (Stokinger, 1981).  

Lead bioconcentrates and bioaccumulates in food chains resulting to a myriad of problems in 

living things (Needleman, 2004). Such problems include disruption of biosynthesis of 

haemoglobin, a rise in blood pressure, kidney damage, miscarriages and abortions, disruption of 

the nervous system, brain damage and decline in fertility in men through sperm damage 

(Joachim & Felistas, 2000). Lead entering into the aquatic system exerts a specific toxic effect 

on fish blood and tissues (Mousa & Khattab, 2003; Vosyliene & Kazlauskiene, 2004). It also 

causes neurological problems which occur during foetal development (Goyer & Clarkson, 2001).  

According to United States Environmental protection agency the permissible limit of lead for 

surface water is 0.005 parts per million (ppm) (US EPA, 2016). However, studies have shown 

the levels of lead in surface water to be above these permissible limits. For instance, in Rift 

Valley lakes in Kenya the levels of Pb(II) in surface water were reported to be in the range of 

0.0025-0.563 ppm (Ochieng et al., 2007) and in Nairobi Dam, Kenya in a range of 11.67-16.78 

ppm (Ndeda & Manohar, 2014). It is, therefore, necessary to remove lead ions from wastewater. 

2.1.2 Copper 

Copper is introduced to water systems through industrial plants such as in the manufacture of 

fungicides, wood and phosphate fertilizers and also from some metal piping systems and 

municipal wastewater (Dameron & Howe, 1998). It has been used to control algal growth in 

water bodies and when poorly used it becomes toxic to living things (Horne & Dunson, 1995)  

Copper is an essential micronutrient at low concentrations for animal metabolism. It aids in the 

electron transfer processes such as iron in haemoglobin, photosynthesis in plants and the terminal 

step of mitochondrial respiration and hence copper influences life and supports functions like 

production of red blood cells and carbohydrate synthesis (US EPA, 1980). However, in humans, 
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excess copper intake causes Menke’s disease and Wilson’s disease, generic disorders associated 

with accumulation of copper and damage to the vital body organs such as the kidney, liver and 

brain (Prasad & Oberleas, 1976; Bertinato & L’Abbe, 2004; Nordberg et al., 2007).  

The analysis of heavy metals in surface water in Rift valley lakes in Kenya by Ochieng et al. 

(2007) shows that the levels of copper ions were in the range of 0.0047-0.1 ppm and according to 

Ndeda & Manohar (2014) the copper levels in Nairobi Dam, Kenya were found to be in the 

range of 2.99-4.90 ppm. These levels of copper in these selected areas exceeded the US EPA 

tolerance limit for copper in surface water, which is 0.005 ppm. This gives an indication of the 

status of the surface water in this region. Continued research on methods of effectively removing 

copper ions from wastewater is, therefore, paramount. 

2.2 Conventional techniques for the removal of heavy metals 

The removal of these heavy metal ions from water has been achieved using various techniques 

which include; membrane filtration, ion exchange, chemical precipitation, electrochemical 

deposition, solvent extraction, photocatalysis, coagulation-flocculation, evaporation, 

concentration, flotation and adsorption (Droste & Gehr, 1997; Li et al., 2003a; Sekar et al., 2004; 

Kurniawan et al., 2006b; Liu, Bai & Ly, 2008). These methods have a given number of 

capabilities as well as limitations. For instance, membrane filtration process has high separation 

selectivity but it has high operational costs related to membrane fouling. Chemical precipitation 

is easy to operate and has low capital cost but it presents the problem of discharge of large 

quantities of hazardous waste. Coagulation-flocculation also produces large volumes of sludge 

while ion exchange which has high efficiency in the removal of heavy metals but presents the 

problem pollution through regeneration of resins (Marques et al., 2000; Kurniawan et al., 2006a; 

Al-Rashid, Somerfield, & Hilal, 2011; Abbas et al., 2016). The merits and demerits of some of 

these techniques are summarized in Table 1. 
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Table 1: A summary of the merits and demerits of some heavy metal ions removal techniques 

Technique 

 

Merits Demerits Ref. 

Chemical 

precipitation 

Simple to operate and low 

capital cost 

Large sludge generation, sludge 

disposal and ineffective for removal 

of low concentration of metal ions 

Kurniawan 

et al., 2006 

Ion 

exchange 

High removal efficiency  Resins are expensive and 

regeneration causes further 

pollution 

Diniz et al., 

2002 

Coagulation 

and 

flocculation 

Good sludge settling and 

also removes turbidity 

Large sludge generation and must 

be followed with other treatment 

techniques 

Chang 

&Wang, 

(2007) 

Membrane 

filtration 

High separation selectivity 

and low pressure 

requirement 

Membrane fouling hence costly and 

complex to operate 

Kurniawan 

et al., 2006 

Adsorption Easy operating conditions 

and high removal 

efficiency 

Low selectivity  Barakat, 

2011 

 

Adsorption has of late received a lot of attention due to its simplicity and cost effectiveness for 

the removal of pollutants from water. At the same time, the adsorbents used can be regenerated 

using appropriate desorption processes (Kosa et al., 2012). Clay (Alsewailem & Aljlil, 2013), 

activated carbon (Sekar et al., 2004) and zeolites (Biskup & Subotic, 2004) are some of the 

adsorbents that have been reported for adsorption of heavy metal ions from water. 

Natural clay is a low cost adsorbent but it has a relatively low specific surface area, thus 

relatively low adsorption capacity. For instance, the Brunauer, Emmett and Teller (BET) specific 

surface area (SSA) of kaolinite clay and that of illite clay has been reported to be 20 m2 g-1 

(Suraj, Iyer, & Lilathambika, 1998) and 41 m2 g-1 (Macht et al., 2011), respectively. However, 

modification of clay has been reported to enhance its adsorption capacity (Unuabonah, Olu-

Owolabi, Adebowale, & Ofomaja, 2007; Amer et al., 2010).  

Other adsorbents that have been employed for the adsorption of metal ions include activated 

carbon (Hasar, 2003, Sekar et al., 2004; Rao et al., 2006), and those adsorbents obtained from 

readily available organic waste such as bagasse (Rao, Parwate & Bhole, 2002; Karnitz et al., 

2006), rice husks (Wong, Lee, Low, & Haron, 2003), crab shell (An, Park, & Kim, 2001), orange 

and banana peels (Annadurai, Juang, & Lee, 2003), peat (Ho & McKay, 2000), sludge (Pan, Lin, 
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& Hwa, 2003), reed black liquor (Sun, Zhang, Yang, & Li, 2007) among others. Some of the 

reported BET SSA values of activated carbon include; that obtained from sewage sludge with 

value of 179 m2 g-1 (de Andres, Orjales, Narros, de la Fuente, & Encarnacion, 2013) and from 

cassava peel with value of 1183 m2 g-1 (Sudaryanto, Hartono, Irawaty, Hindarso, & Ismadji, 

2006).  

Activated carbon adsorbent has widely been used in domestic and industrial water treatment; 

however, it is associated with the challenges of column fouling and high cost of regeneration. 

These materials may be readily available but they have irregular adsorption sites and some have 

relatively low adsorption capacity for the heavy metal ions. This has led to the continued 

research for more innovative adsorbents whose surfaces can be manipulated in order to attach 

other materials on them that have affinity for metal ions, to enhance their adsorption efficiencies.  

Recent focus has thus been put on nanoadsorbents such as graphene and carbon nanotubes. Table 

2 shows a list of various known adsorbents and the reported specific surface areas and as 

indicated, graphene has the highest specific surface area (SSA) of 2630 m2 g-1 and that of clay is 

41 m2 g-1. Thus this work focuses on these nanocarbon adsorbents. 

Table 2: Various adsorbents and their respective specific surface area 

Adsorbent SSA (m2g-1)  Method  References 

Clay(Illite)  41 N2 gas adsorption Macht et al., 2011  

Activated carbon  179 N2 gas adsorption Andres et al., 2013 

1183 N2 gas adsorption Sudaryanto et al., 2006 

Zeolites  756  N2 gas adsorption Vyas & Kumar, 2004  

Graphene   2630  Theoretical Stoller et al., 2008  

Graphene  818  N2 gas adsorption Zhou et al., 2014 

GO 736.6  Methylene blue Montes-Navajas et al., 2013 

SWCNT 1315 Theoretical Peigney et al., 2001 

MWCNT   200  Theoretical Peigney et al., 2001 

MWCNT 22.38 

1670 

N2 gas adsorption 

N2 gas adsorption 

Zhu et al., 2003 

Raymundo-Pinero et al., 2005 

 

2.3 Carbon based nanoadsorbents 

The search for carbon based adsorbents with higher SSA has led to the exploration on the 

adsorption abilities of carbon nanoadsorbents. These materials and their derivatives have been 

reported to have appreciably better adsorption capabilities than the conventional adsorbents such 
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as clay. Notable carbon based adsorbents that have been applied in the removal of heavy metal 

ions from water are graphene and CNT.  

2.3.1 Graphene adsorbents and its derivatives 

Graphene is a one atom thick 𝜋-conjugated hexagonal layer of carbon atoms as depicted by 

Roberts et al. (2010) in Fig.1 Recent research has found a great potential in graphene, its 

oxidized form - graphene oxide and its composites - in the adsorption of heavy metal ions from 

water. Since it was first isolated by Geim and Novoselov in 2007, graphene has been applied in 

many other areas due to its unique properties such as large specific surface area (Stoller, Park, & 

Zhu, 2008; Wang et al., 2013), high thermal and electrical conductivity (Balandin et al., 2008; 

Buglione, Bonanni, Ambrosi, & Pumera, 2012; He et al., 2012) and high mechanical strength 

(Lee, Wei, & Kysar, 2008; Singh Chauhan & Mishra, 2011) among others. These properties, 

especially, the high specific surface area and strong adsorption capacity, have made graphene to 

find many areas of application including desalination of water (Cohen-Tanugi and Grossman, 

2012), efficient adsorbents for other water pollutants (Huang et al., 2011; Ren et al., 2011; Leng, 

Guo, & Su, 2012; Zhang, Shi, & Zhang, 2013) and photocatalysis (An et al., 2012; Khan, Chetia, 

& Vardhaman, 2012). However, aggregations through π-π interactions of graphene sheets 

decrease the available surface area and reduce its adsorption capacity. This problem is tackled by 

introducing hydrophilic functionalities onto the surface of graphene sheets. The functionalities 

include oxygen containing groups or cyclodextrins. 

 

 

Fig. 1: Schematic of the structure of graphene sheet (Roberts et al., 2010) 
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Oxidation and subsequent functionalization of graphene with molecules, which are hydrophilic 

and have affinity for target analytes improves the selectivity of graphene as an adsorbent and 

prevents aggregation (Sitko et al., 2013). Based on this, various derivatives of graphene have 

been reported and applied in environmental remediation, and there is still need to further develop 

derivatives with improved selectivity and with low or possibly no aggregation. GO and reduced 

graphene oxides (rGO) are derivatives of graphene containing many functional groups such as -

O-, -OH and –COOH, which form complexes with metal ions. The functional groups within and 

on the edges of GO sheets (Zadeh, Yu, Dehghan, Sbarski, & Harding, 2014), as seen in Fig 2, 

allows for modification and incorporation of different nanomaterials and polymers onto GO 

sheets to suit different applications (Yang et al., 2010; Liu, Chen, Hu, Wu, & Wang 2011; Liu et 

al., 2011; Madadrang et al., 2012). In most cases, these nanomaterials are either dispersal agents 

or they have additional functional groups to remove pollutants from water or both. The presence 

of dispersing agents such as cyclodextrins in graphene and its derivatives is desirable to enhance 

their adsorptive performance. 
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Fig. 2: The structure of a single sheet of graphene oxide (Zadeh et al., 2014) 
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Cyclodextrins (CDs) are composed of six (α-CD), seven (β-CD), or eight (γ-CD) glucose units 

with a truncated cone shape as shown in Fig. 3. They are characterized by a hydrophobic inner 

cavity and a hydrophilic exterior that enables them to form host-guest complexes with other 

molecules.  

 

Fig. 3 The structure of β-cyclodextrin molecule (Rizzarelli & Vecchio, 1999) 

 

CDs have been used to disperse and functionalize graphene (An et al., 2010; Konkena & 

Vasudevan, 2012) due to their excellent film-forming ability and inclusion function. These 

unique properties allow selective entrapment of organic (Xu, Wang, Wan, Lin, & Wang, 2011) 

and heavy metal ions (Badruddoza, et al., 2011; Abdolmaleki, Mallakpour, & Borandeh, 2015). 

The βCD incorporated on GO has been reported in the removal of Cr6+ (Li et al., 2013; Wang et 

al., 2014 ), methylene blue dyes (Fan et al., 2012; Shanshan et al., 2014) and sensing of phenolic 

organic pollutants (Xu et al., 2011) in water. The hydroxyl groups on the exterior of βCD can 

form complexes with metals; hence it can remove metal ions from water (Badruddoza et al., 

2011; Huang et al., 2012). Badruddoza et al. (2011) reported the removal of copper ions from 

water using carboxylatedmethyl βCD. GOβCD has been reported for the removal of Cr6+ and 

cationic dyes (Fan et al., 2012; Shanshan et al., 2014), however, there is limited documentation 

on the removal of cationic metal ions using GO-mβCD. Table 3 shows some of the reported 

studies on the application of graphene and its derivatives in the removal of heavy metal ions 
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from aqueous solutions as well as their sorption capacities in various conditions. It shows that 

graphene oxide is a better adsorbent than pristine graphene because it has the oxygen containing 

functional groups. 

Table 3: Sorption capacities of graphene and its derivatives for some heavy metal ions from 

aqueous solutions at various conditions 

Adsorbent/Ref. Metal qm(mg/g) Application conditions 

pH Io (mg/L) Temp(K) Ct (h) 

Graphenea Pb 22.4 4.0 40 303 15 

Graphenea Pb 35.2 4.0 40 303 15 

GOb Pb - - 100 - 1/3 

GOf Pb 1119 5.0  Room  

EDTA-GOc Pb 367 6.8 5-300 Room  24 

TiO2-GOd Pb 35.6 5.6 -  - 

GOe Cu 117.5 5.3 - - 2.5 

GOf Cu 294 5.0 - Room 2 

a-Huang et al. (2011), b-Opeyemi et al. (2014), c-Madadrang et al. (2012), d- Lee et al. 

(2012), e-Wu et al. (2013), f- Sitko et al. (2013), qm- maximum metal removal, Io- Initial 

metal ion concentration, Ct- contact time 

 

The βCD is water soluble and its derivative mβCD is considered to be even more soluble hence a 

better dispersive reagent (Zhang et al., 2014). The GO-mβCD composite to be prepared in this 

study, will be expected to display better dispersibility, minimal aggregation and thus increased 

adsorption capacity through the aspect of synergic effect between the GO and mβCD. There is 

need, therefore, to synthesize GO-mβCD composite for the removal of lead (II) ions and copper 

(II) ions from water. 

2.3.2 Carbon nanotubes (CNT) adsorbents 

A CNT is sheet of graphene warped into a tube. Single individual tubes are known as single-

walled carbon nanotubes (SWCNT), while concentric tubes are referred to as multi-walled 

carbon nanotubes (MWCNT) as shown in Fig 4. Common methods employed in their synthesis 

are arc discharge, laser ablation and chemical vapour deposition The reactive sites of CNT are 

found on their fullerene ends which are usually functionalized to generate –COOH, -OH or –

C=O (Dai et al., 2003). Since CNT were first discovered by Iijima (1991) they have received 

attention due to their excellent properties such as high chemical and thermal stability and high 
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specific surface area of which they have found many areas of applications. They have been used 

in fuel cells (Che, Lakshmi, Fisher, & Martin, 1998), secondary batteries (Gao et al., 1999) and 

for environmental remediation through adsorption of heavy metal ions and anions in solutions 

(Li et al., 2002; Li et al., 2003a) and other pollutants such as dioxin (Long & Yang, 2001), 

chlorobenzene (Peng et al., 2003) and herbicides (Biesaga & Pyrzynska, 2006). 

 

 

Fig. 4: Structure representation of SWCNT and MWCNT (Malhotra, Srivastava & Augustine, 

2015) 

 

Several studies have been done and reported on pristine and surface oxidized CNT sorption for 

divalent cations (Cu2+, Cd2+, Ni2+, Pb2+ and Zn2+) in aqueous solutions as well as their sorption 

capacities at various conditions. The Table 4 shows that the sorption capacities of metals ions by 

raw CNT are very low but they significantly increase after oxidation by HNO3, NaOCl and 

KMnO4 solutions (Rao et al., 2007). The oxidation generates functional groups on the surface of 

the CNT that cause a rise in the negative charge which donates electron pairs to metal ions 

facilitating cation exchange (Shim et al., 2001; Li et al., 2002; Dai et al., 2003; Shen et al., 

2010). Fig. 5 shows the schematic oxidation of CNT using various oxidizing agents and the 

adsorption of divalent metal ions. These functional groups on the surfaces of the tubes facilitate 

the attachment of other nanomaterials such as polypyrrole, thiophene among others onto CNT for 

various applications. 
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Table 4: The sorption capacities of raw and oxidized CNT for some divalent cations in aqueous 

solutions at various conditions 

Adsorbents/Ref. qm Conditions 

Cd2+ Cu2+ Ni2+ Pb2+ Zn2+ pH Temp Mass Co 

CNTa    1.00  7.0 room 0.05 2-14 

CNT(HNO3)
a    49.95  7.0 Room 0.05 2-14 

SWCNTb   9.22   7.0 25 0.05  

SWCNT(NaOCl) b   47.9   7.0 25 0.05  

MWCNTb   7.53   7.0 25 0.05  

MWCTs(NaOCl) b   38.5   7.0 25 0.05  

CNTc 1.1     5.5 25 0.05 9.5 

CNT(KMnO4)
 c 11.0     5.5 25 0.05 9.5 

CNT(HNO3)
 c 5.1     5.5 25 0.05 9.5 

SWCNTd     11.23 7.0 25 0.05 10-80 

SWCNT(NaOCl) d     43.66 7.0 25 0.05 10-80 

MWCNTd     10.21 7.0 25 0.05 10-80 

CNT(HNO3) 
e    35.6  5.0 25 0.05 10-80 

CNT(HNO3) with 

Xylene-Fef 

   14.8  5.0 Room 0.02 10-60 

CNT(HNO3) with 

benzene-Fef 

   11.2      

CNT(HNO3) with 

Propylenef 

   59.8      

CNT(HNO3) with 

Methane-Nif 

   82.6      

MWCNT(HNO3) 
g 10.9 24.5 97.1   5.0 Room 0.05  

MWCNTh    2.0  5.5 Room 0.15 10-50 

MWCNT(HNO3)h    23.0  5.5 Room 0.15 10-50 

MWCNT(cyclodextrin)h    12.3  5.5 Room 0.2 10-50 

a-Li et al. (2002), b-Lu & Liu (2006), c-Li et al. (2003b), d-Lu & Chiu (2006), e- Li et al.(2005),  

f- Li et al. (2006), g-Li et al. (2003a), h- Hu et al. (2010). qm = maximum sorption capacity 

(mg/g), Temp = temperature (˚C), mass of adsorbent g/100mL solution, C0 = initial metal ion 

concentration (mg/L). 

 

Polypyrrole (Ppy) is a conducting polymer useful in composite materials (Pruneanu, Resel, 

Leising, Brie, & Grauper, 1997; Ding & Ram, 2005). Its unique properties such as electrical 

conductivity, environmental stability, nontoxicity, low cost and ease of preparation (Pruneanu et 

al., 1997; Wu & Lin, 2006) makes it useful in combining it with nanoparticles to enhance the 

sensing of biomolecules (Spain, Keyes, & Forster, 2013) and removing of heavy metal ions 

(Hosseini, Mahmud, Yahya, Ibrahim, & Djordjevic, 2015).  
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Fig. 5: Schematic of oxidation of CNT (Rao et al., 2007) 

 

Ppy carries charges via π-electrons on nitrogen atoms in the polymer matrix (as shown in Fig. 6) 

which provides a good prospect for its applications in adsorption of heavy metals. To maintain 

charge neutrality, some of the counter ions are incorporated into the growing polymer chain. The 

sorption of Cr (VI) onto Ppy/Fe3O4 has been previously reported and it was seen to be time 

dependent (Bhaumik, Setshedi, Maity, & Onyango, 2013).  

 

 

 

Fig. 6: Representation of the structure of polypyrrole 

 

In this study, Ppy will be utilized as the covalent modifier to fabricate functionalized MWCNT 

which is relatively soluble in water. It is, therefore, necessary to synthesize a composite of 

oxidized CNT coated with Ppy denoted as OMWCNT/Ppy and establish its interaction with lead 

(II) and copper (II) ions. 
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2.4 Synthesis of the adsorbents 

Combining other nanoadsorbents onto GO or OMWCNT could generate composites which may 

have positive interactive or synergetic properties that could be better than individual GO and 

OMWCNT adsorbents. The following are the reported processes that have been used to attach 

other nanoadsorbents to GO and OMWCNT. 

2.4.1 Synthesis graphene oxide composites 

Graphene oxide is obtained by the oxidation of the abundantly available natural graphite flakes. 

Oxidation of graphite was first reported by Brodie (1859) in which graphite flakes were oxidized 

with sulphuric acid and fuming nitric acid. Since then, the oxidation process has undergone 

several modifications to improve the level of oxidation; such as the Hummers method in which 

oxidation of graphite begins with the use sodium nitrate and sulphuric acid mixture followed by 

further oxidation with potassium permanganate. A modification of Hummers’ method (Marcano 

et al., 2010) is the highly used and common technique. It involves preoxidation of graphite using 

potassium pentoxide and potassium persulphate followed by a further oxidation using potassium 

permanganate. Hydrogen peroxide is added to reduce the excess potassium permanganate. The 

attachment of βCD onto GO has been reported to be either covalent (Feng, Max, & Lin, 2012; 

Konkena & Vasudevan, 2012; Zhang et al., 2014) or non covalent (Guo et al., 2010; Kuila et al., 

2012). Covalent attachment exploits the reactive carboxylic groups at the edges of GO sheets 

which are linked to the βCD cavities via an amide bond by using appropriate linkers. For 

instance, Konkena and Vasudevan (2012) reacted the carboxylic groups on GO with β-

aminocyclodectrin using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) 

and N-hydroxy succinimide (NHS) as linkers. While non covalent attachment involves 

physically mixing GO with βCD that results aggreggation. Covalent linkage involves the use of 

many chemicals that are used as linkers which makes the method more costly and 

environmentally unfriendly. Therefore, the synthesis of GO-mβCD composite in this study was 

done by attachment of mβCD onto GO through in situ aggregation. There is need to determine 

the nature and chemistry for this GO-mβCD composite for application in sorption. 
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2.4.2 Synthesis of multi-walled carbon nanotube composite 

The CNT undergo oxidation to alter their surface properties such as surface area, surface charge, 

hydrophilicity and dispersion thus enhancing their adsorption capacity. The most common 

technique used is acid treatment, in which different oxidizing agents (such as HNO3, HF, HNO3 

and H2SO4 combined, KMnO4 are used), at different concentrations have been reported (Li et al., 

2002; Li et al., 2003b; Lu & Liu 2006). Different oxidation procedures (sonication, soaking, 

refluxing), varying oxidation temperature and duration have also been employed (Xing, Chusuei, 

& Hull, 2005; Wepasnick et al., 2011; Andrade et al., 2013). The acid treatment mainly 

introduces carboxylic groups on the CNT surfaces. Another technique used to introduce oxygen 

containing groups on CNT surfaces is microwave-excited surface wave plasma treatment (Hu et 

al., 2010; Ren et al., 2011). The surface of OMWCNT can be modified further by use of 

polymers to improve their adsorption capacity for metal ions. 

Polymer attachment onto CNT is covalent (Massoumi, Jaymand, Samadi, & Entezami, 2014) or 

non covalent (Chang, Wu, & Lin, 2014). Covalent linkage involves the activation of the 

carboxylic groups on the CNT surfaces which are linked to the polymers through grafting (Ma, 

Siddiqui, Marom, & Kim, 2010). On the other hand, non covalent linkage of polymers to CNT 

involves mixing of a monomer and CNT followed by the usual chemical oxidative 

polymerization using an appropriate oxidant such as ferric chloride, ferric sulfate among others 

(Omastova, Trchova, Kovarova, & Stejskal, 2003). The attachment is achieved through van der 

Waals forces and π-π stacking between the CNT and the polymer chains containing aromatic 

rings. The non covalent method is easy to use, environmentally friendly and inexpensive. Hence, 

this study will apply the non covalent approach in the synthesis of the composite of CNT and 

Ppy. The chemistry and nature of this composite for batch adsorption process need to be 

determined.  

2.5 Characterization of graphene oxide and carbon nanotubes 

Characterization provides information such as the morphology, composition, crystalline structure 

of a given material, which may give insight on the mechanism action of the material concerned. 

At the same time, characterization is a vital tool for showing whether the attachment of one 

adsorbent to another to form the composite is successful or not. The following are the techniques 

commonly used for characterization of GO and CNT.  
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2.5.1 Characterization of graphene oxide and composite 

Several techniques have been applied in the characterization of GO and its composites in order to 

understand the mechanism of GO and its composites in the removal of heavy metals from water. 

These techniques include; Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, 

X-ray diffraction (XRD), scanning electron microscopy (SEM) and thermogravimetric analysis 

(TGA). 

FTIR spectroscopic analysis is a tool that characterizes the GO and its composites by distinctly 

showing the functional groups present in the materials. Normally the characteristic peak at 3430 

cm-1 would be associated with the O−H stretching and vibrations of the skeletal hydroxyl groups, 

while the peak around 1630 cm-1 indicates the skeletal graphitic domains of (C=C) in GO, the 

peak at 1725cm-1 shows the C=O stretching of COOH and 1043 cm-1 bands that are associated 

with C−O stretching mode in hydroxyl or epoxy groups COH/COC as noted by Zhang et al. 

(2014). The FTIR spectrum of βCD have been reported to show absorption bands at 2923 cm-1 

and 1367 cm-1 corresponding to the −CH2− stretching and −CH− bending vibrations, 

respectively, and the characteristic band of the coupled C−O/C−C vibrations at 1020 cm-1 (Fan et 

al., 2013; Zhang et al., 2013). The composite GO-mβCD spectra has the characteristic peak at 

1630 cm-1 of GO and the characteristic band C−O/C−C of CD, as well as, the characteristic peak 

3400 cm-1 of -OH is found in both GO and βCD spectra (Zhang et al., 2013).  

FTIR spectroscopy analyzes molecules with a dipole moment the Raman focuses on molecules 

with polarizable bonds. Hence, some IR-inactive modes are Raman active and vice versa; as a 

result Raman technique complements IR spectroscopy. Raman spectroscopy uses a laser to 

interact with molecular vibrational modes and phonons in a sample, shifting the laser energy 

down (Stokes) or up (anti-Stokes) through inelastic scattering (Gardiner, 1989). It is therefore 

useful in the characterization of graphene and related materials, especially in distinguishing the 

ordered and disordered carbon in a structure. The main peaks of interest resulting from the 

Stokes photon energy shift caused by laser excitation of graphene (Saito, Hoffman, Dresselhaus, 

Jorio, & Dresselhaus, 2011) are; G-band (< 1580 cm-1) a primary in plane vibrational mode 

associated with graphitic two dimensional hexagonal lattice corresponding to sp2 of carbon, 2D 

(2690 cm-1) second order overtone of a different in plane vibration and the D-band (< 1350 cm-1) 

which represents sp3-hybridized carbon which is associated with disorder in the graphitic 
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skeleton (Wang, Zhan, Qiao, & Ling, 2011). The D peak is invisible in pristine graphene but as 

the amount of disorder in graphene increases Raman intensity for the disorder peaks increases. 

The ratio of their intensity (ID/IG) is therefore used to indicate the rate of disorder present in the 

graphitic skeleton in graphene and carbon nanotubes. Monitoring of oxidation of multi walled 

carbon nanotubes by Raman spectroscopy has been reported (Osswald, Havel, & Gogosti 2006; 

Costa, Borrowiak-Palen, Kruszynska, Bachimatink, & Kalenczuk, 2008). Song et al. (2013) and 

Wang et al. (2014) reported that after attaching βCD onto GO there is an increase in the ID/IG 

ratio which result from an increase in defects on the GO surface resulting from the incorporation 

of βCD and an increase in the number of Csp
3 present in the structure of CD.  

The XRD patterns have been reported to show strong diffraction peak of GO is located at 2θ = 

10.7˚ which corresponds to GO (001) crystallographic plane as observed by Hu et al. (2014). 

However, after incorporating βCD broad peaks appear in place of the sharp peak on GO due to 

disordered stacking resulting from the introduction of βCD onto GO and a broad peak at 2θ = 18˚ 

which is associated with βCD is observed (Hu et al., 2014; Zhou et al., 2014). The XRD peaks 

can therefore be used to determine the incorporation of other molecules onto GO.  

SEM is an important tool for examining the morphology and topography of a material. Studies 

show that the morphologies of GO reveal large two dimensional layers stacked together which 

appear smooth albeit with few wrinkles. However, after modification with βCD the layer 

stacking becomes distorted while the surface gains some wrinkles (Song et al., 2013; Zhang et 

al., 2014). This tool can be used to determine the extent of modification of the GO with other 

molecules. 

 The TGA analysis of GO powder has been reported to show a weight loss below 200˚C which is 

attributed to the loss off adsorbed water and a subsequent loss of weight at the temperature range 

of 200-800˚C which is associated to the degradation of the oxygen functionalities (Konios, 

Stylianakis, Stratakis, & Kymakis, 2014). The βCD thermogram shows remarkable loss of 

weight below 100˚C which is due to the hydrophilic groups in its exterior and a subsequent 

drastic weight loss around 300˚C, which could be due to decomposition of the βCD (Hu et al., 

2014). The thermograms of GO composites have been reported to exhibit a weight loss in the 

range 200-800˚C which has been attributed to the degradation of the oxygen functionalities 

(Song et al., 2013; Hu et al., 2014).  
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The functional groups, morphology, crystallographic structure of the GO-mβCD are not known. 

The need to characterize the composite will also show the extent to which the mβCD has been 

attached to the GO.  

2.5.2 Characterization of multi-walled carbon nanotubes and composite  

Various techniques have been employed to study the characteristics of CNT and their 

composites, some of these techniques are; FTIR, Raman spectroscopy, SEM, BET and TGA. 

The FTIR analysis is useful in giving information on the functional groups in a material. The 

spectrum of pristine CNT has been reported to show 3436 cm-1, 2926 cm-1 and 1637 cm-1 

corresponding to -OH, C-H and C=C stretchings, and after acid treatment the CNT show 

additional  bands at 1725 cm- 1 associated with the C=O stretching in the COOH group as well as 

the 1360 cm-1 and 1050 cm-1 weak broad bands, attributed to C-O stretching in lactones (Vukovic 

et al., 2011; Zhang & Xu, 2015). While the Ppy spectrum has the 1547 cm-1 and 1462 cm-1 band 

for C=C and C-C stretching vibration of pyrrole ring, respectively and the characteristic peaks at 

780 cm-1 and 1176 cm-1 assigned to pyrrole ring vibrations (Sun, Xu, Wang, & Mao, 2002). The 

Raman spectroscopy is a vital tool at showing the changes in the graphitic skeleton of CNT 

which is similar to that in GO as indicated in section 2.5.1. 

The SEM micrographs provide useful information on the morphology and topology of a material. 

Pristine CNT tend to agglomerate as a result their SEM pictures have been reported to show 

bundling and entangled nanotubes this phenomenon is attributed to their nano size and π-π 

interaction. However, after acid treatment there is less entangling which is attributed to the 

introduction of oxygen functionalization on CNT surfaces (Rurlle et al., 2007). While the SEM 

micrographs of Ppy appear as flower-like particles. This is a useful tool in determining the 

incorporation of other molecules onto the CNT it therefore would complement the other 

characterization models. 

The specific surface area and pore size distribution for CNT and its composites can be 

determined through BET adsorption data. BET analysis of CNT shows that they are microporous 

and that the micropores volume is decreased after the acidic treatment of pristine CNT which is 

due to the removal of amorphous carbons (Csp
3) (Li et al., 2006).   

The thermogravimetric experiments performed under N2 have shown a slight weight loss at a 

temperature below 100˚C which is associated with the evaporation of physi-sorbed water as has 
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been reported by Datsyuk et al. (2008). This is followed by further weight loss at temperature 

range 150-500˚C corresponding to degradation of the carboxyl and hydroxyl groups on the 

oMWCNT walls and at above 800˚C another weight loss attributed to the degradation of 

amorphous carbon was observed by Datsyuk et al. (2008). There is need to characterize the 

composite formed so as to establish the composition, graphitic structure and morphology in order 

to understand its adsorption mechanism. 

2.6 Factors affecting the adsorption of heavy metal ions on an adsorbent. 

The main factors affecting the adsorption of heavy metal ions on the surfaces of CNT and GO 

and their derivatives include, among others, the initial pH of the solution, initial metal ion 

concentration of the solution, contact time, adsorbent dosage, and counter ions in the solution 

and temperature of the solution. 

2.6.1 Initial pH of the solution 

Solution pH has been identified as the most important factor influencing sorption of metal ions 

because it affects surface properties of adsorbents such as CNT and GO. In addition, the pH of a 

solution has an influence on the hydrolysis, complexation and speciation of metal ions (Rao et 

al., 2007; Kosa et al., 2012). The sorption of cations is lower at low pH due to competition of 

sorption sites between hydrogen ions and the metal cations but at higher pH value the sorption of 

cations is higher due to electrostatic interactions between the cations and the CNT and GO 

negative surface. Maximum removal of Cu2+ by CNT and their composites have been reported at 

pH 5 (Li et al., 2003a, Li et al., 2003c; Li et al., 2010), pH 6 (Wu, 2007) and pH 7 (Tofighy & 

Mohammad, 2011). The maximum removal of Pb2+ by CNT has been observed at pH 5 

(Kabbashi et al., 2009; Li et al., 2002), pH 6 (Ren et al., 2011), pH 6.2 (Vukovic et al., 2011) 

and pH 7 (Tofighy and Mohammad, 2011). The maximum adsorption capacities of Cu2+ by GO 

have been reported at pH 5 (Sitko et al., 2013) and pH 5.3 (Lee & Yang, 2012). The maximum 

removal of Pb2+ by GO has been observed at pH 5 (Sitko et al., 2013), pH 5.6 (Lee & Yang, 

2012), pH 6.8 (Madadrang et al., 2012) and pH 7 (Musico et al., 2013). 

The influence of pH on the adsorption capacity of Cu2+ and Pb2+ by GOmβCD and 

OMWCNT/Ppy is not known. This work, therefore, determined the optimum pH of adsorption 

by these adsorbents for the copper and lead ions mentioned for an efficient adsorption process.  
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2.6.2 Contact time and initial concentration 

The contact time has a considerable effect on the adsorption of metal ions onto adsorbents. The 

adsorption of the ions usually increases with increase in contact time until equilibrium is attained 

(Fu & Wang, 2011). The equilibrium is dependent on the initial concentration of the metal ion 

solution. For instance, the reported equilibrium time for the sorption of Pb2+ by CNT from a 

solution of metal ion concentration of 10 and 30 mg/L was 20 min and 60 min, respectively (Li 

et al., 2005). The sorption of Ni2+ by CNT took 2 h to reach equilibrium at initial metal 

concentration of 60 mg/L but at initial concentration of 30 mg/L the equilibrium was established 

in 1 h (Rao et al., 2007; Ren et al., 2011 Gupta et al., 2015). However, Wu et al. (2013) reported 

the equilibrium time of 120 min for the sorption of Cu2+ onto GO from solutions of initial metal 

ion concentration 50, 100 and 150 mg/L. The effect of contact time and initial metal ion 

concentration on the adsorption of Pb2+ and Cu2+ by the proposed GO-mβCD and 

OMWCNT/Ppy adsorbents are not known and should, therefore, be established. 

2.7 Adsorption of metal ions onto GO and CNT composites 

The adsorption capacity of graphene and CNT is influenced by their surface properties such as 

surface area and pore size distribution. The presence of different functional groups is another 

possible route to enhance their adsorption performance; hence the oxidation of graphene to 

graphene oxide and CNT to oxidized CNT (O-CNT) offers considerable influence on adsorption. 

Therefore, the large surface area and the oxygen containing adsorption sites on GO and O-CNT 

are largely responsible for adsorption of metal ions (Rao et al., 2007; Zhao, Li, Re, Chen, & 

Wang, 2011). Further, their adsorption capacities can be improved by derivatization with other 

nanomaterials that have affinity for metal ions. 

The adsorption data can be modeled using different equations including pseudo-first and second-

order rate equation, Langmuir, Freundlich, Dubinin-Radushkevich (D-R) and diffusion models 

among others. The sorption of metal ions onto GO and CNTs are commonly correlated with 

Langmuir and Freundlich equations. The change in adsorption with time is usually fitted in the 

pseudo-first-order (Lagergren, 1898) and pseudo-second-order Ho and Mc Kay (2000) kinetic 

models. The linearized forms of pseudo-first-order and pseudo-second-order equations are 

expressed as shown in eq. 1 and eq. 2, respectively; 
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log(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒 − 𝑘1𝑡         (Eq. 1) 

 

t

qt
=

1

qe
t +

1

k2(qe)2          (Eq. 2) 

 

where, qt and qe are amounts adsorbed in mg g-1 at equilibrium and time t, respectively, while k1 

and k2 represents the first-order rate and second-order rate constant of adsorption, respectively. 

The pseudo-first-order reaction implies that the reaction rate depends only on the concentration 

of one the reactants while the pseudo-second-order rate is determined by the concentration of 

two reactants simultaneously. Thus, the pseudo-second-order rate indicates that both the 

concentrations of the adsorbent and adsorbates (the metal ions) are involved in the adsorption 

process.  

In most cases, the adsorption of metal ions by the GO and CNT adsorbents follows the pseudo-

second-order (Gao et al., 2008). The adsorption diffusion approach can also be applied to 

determine the diffusion mechanisms of the adsorbents. Adsorption diffusion approach is known 

to follow four consecutive steps, namely; bulk diffusion -transfer of the ions from the solution to 

the boundary film surrounding the adsorbent, film diffusion - diffusion from the film to the 

external surface of the adsorbent, intra-particle diffusion - diffusion in the internal structure of 

the adsorbent and diffusion on the external surface of the adsorbent (Qui et al., 2009). The first 

and last steps are very fast hence the adsorption diffusion process is controlled by the film 

diffusion and intra-particle diffusion. The intra-particle model (Eq.3) and the liquid film model 

(Eq.4) are expressed as;           

𝑞𝑡  = 𝑘𝑝  𝑡
1

2 +  𝐶            (Eq. 3) 

 

where,  𝑞𝑡 is the adsorption capacity at a given time t, 𝑘𝑝 is the intra-particle rate constant in mg g-

1min-1/2  while 𝐶, is a constant related to the thickness of the boundary layer. 

 

ln(1 − 𝐹) = −𝑘𝑓𝑑𝑡                   (Eq. 4) 

 

where, F is the fractional attainment of equilibrium (F = qt/qe), and kfd (min-1) is the film 

diffusion rate coefficient.  
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The frequently utilized models for describing the equilibrium studies for adsorption of metal ions 

on solid surfaces are Langmuir and Freundlich models. The linearized forms of Langmuir and 

Freundlich isotherm models are expressed in (Eq.5) and (Eq. 6), respectively. 

1

𝑞𝑒
=

1

𝑏𝑞𝑚𝑎𝑥
.

1

𝐶𝑒
+

1

𝑞𝑚𝑎𝑥
        (Eq. 5) 

𝑙𝑜𝑔 𝑞𝑒 =
1

𝑛
log 𝐶𝑒 + 𝑙𝑜𝑔𝑘𝑓       (Eq. 6) 

where qe (mg g-1) is the amount of metal ions adsorbed per unit mass of the adsorbent at 

equilibrium; Ce (mg L-1) is the equilibrium concentration of metal ions remaining in solution; 

while 𝑞𝑚𝑎𝑥 and b are the constants related to the Langmuir adsorption capacity of adsorbents and 

adsorption affinity of the binding sites, respectively. The kf value relates to the relative 

adsorption capacity while n represents the extent to which the adsorption depends on the 

equilibrium concentrations. The Langmuir equation was primarily designed to describe gas-solid 

phase adsorption and is used to quantify the adsorption capacity of an adsorbent. The model 

works on the assumptions that at maximum adsorption only a monolayer is formed and that the 

molecules of the adsorbate do not deposit on each other (Elmorsi, 2011). The model is therefore 

applicable in adsorption processes involving homogeneous surfaces. The Freundlich equation fits 

with sorption on the heterogenous surface. Nevertheless, these models have been adopted for 

liquid-solid phase systems and studies show that both models represent the sorption of different 

metal ions on GO and CNT (Vukovic et al., 2011; Wu et al., 2013; Sitko et al., 2013). In most 

cases, one model can best describe the sorption process. Lead ions adsorption onto GO can best 

be described by Langmuir equation (Madadrang et al., 2012; Musico et al., 2013; Sitko et al., 

2013) in other cases the sorption process correlated well with Freundlich model like in the 

sorption of copper ions onto GO as described by (Wu et al., 2013). The adsorption of lead ions 

onto CNTs was best described using Langmuir (Hu et al., 2010; Vukovic et al., 2011), in some 

cases it fitted well with Freundlich (Li et al., 2005) 

Modeling the adsorption data obtained in the application of the proposed adsorbents using these 

isothermic and kinetic models would be useful in determining the maximum sorption capacities 

and sorption mechanisms of the proposed adsorbents   

2.7.1 Adsorption mechanism of GO and its composites 

Graphene oxide contains functionalities on its surface such as –COOH, -C=O and –OH. Studies 

have attributed the adsorption of the metal ions by GO to these functional groups as well as the 
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larger surface area (Sitko et al., 2013). The adsorption of Cu(II) onto GO has been reported to be 

through complexation, electrostatic attraction and ion exchange (Fu and Wang, 2011; Wu et al., 

2013). 

Sitko et al. (2013) tested the sorption of divalent metal ions of Cu, Pb, Cd and Zn both in single 

and binary metal systems on GO. The optimum sorption capacities for Pb(II), Cd(II), Zn(II) and 

Cu(II) in single metal system were 1119, 530, 345 and 294 mg g-1, respectively. The isotherm 

data fitted well with the Langmuir model, implying monolayer coverage of heavy metal ions on 

GO, while the kinetics data was well described by the pseudo-second-order model. Therefore, 

the sorption kinetics of the metal ions was attributed to chemisorption resulting from the 

interaction of the metal ions with the functional groups on the surface of GO. Wu et al. (2013) 

also investigated the adsorption of Cu(II) using GO and reported adsorption capacity of 117 mg 

g-1 for Cu(II) and the adsorption mechanism as shown in Eqns 7-10. The adsorption data fitted 

well to the Freundlich isotherm model implying that adsorption was on a heterogenous surface. 

GO-COOH + Cu2+          GO-COO--Cu2+ + H+    (Eq. 7) 

GO-COO-

GO-COO-

Cu2+ + 2H+(GO-COOH)2 + Cu2+

   (Eq. 8) 

GO-OH + Cu2+          GO-O- -Cu2+ + 2H+      (Eq. 9) 

 

GO-O-

GO-O-

(GO-OH)2 + Cu2+ Cu2+ + 2 H+

    (Eq. 10) 

 

Madadrang et al. (2012) studied the adsorption capacity of pristine GO and GO-(N-

trimethoxysilylpropyl) ethylenediamine triacetic acid nanocomposite. The study showed that the 

composite’s adsorption capacity for Pb(II) was 525 mg g-1 which was significantly higher than 

that of pristine GO (estimated at 367 mg g-1), the adsorption mechanism was as shown in Eqns 

11-16. The experimental data fitted well on the Langmuir adsorption isotherm and pseudo-

second-order kinetic model. 
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GO-COOH + Pb2+          GO-COO_Pb2+ + H+     (Eqn. 11) 

(GO-COOH)2 + Pb2+          (GO-COO-)2
_Pb2+ + 2H+    (Eqn. 12) 

GO-OH + Pb2+          GO-O-_Pb2+ + H+      (Eqn. 13) 

(GO-OH) + Pb2+          (GO-O-)2
_Pb2+ + 2H+      (Eqn. 14) 

GO-EDTA-COOH + Pb2+          GO-COO- _Pb2+ + H+    (Eqn. 15) 

(GO-EDTA-COOH)2 + Pb2+          GO-EDTA-COO-)2
_Pb2+ + 2H+  (Eqn. 16) 

 

A study conducted by Musico et al. (2013) to investigate the adsorption of Pb(II) using a GO-

poly(N-vinylcarbazole) nanocomposite adsorption capacity, indicated an adsorption capacity of 

887.98 mg g-1. The adsorption studies showed Langmuir applicability whereas the kinetics data 

fitted well with pseudo-second-order kinetic model. The sorption data obtained from the 

proposed adsorbents should be also fitted for its conformity to the Langmuir and Freundlich 

adsorption models as well as the pseudo- first-order and pseudo-second-order kinetic models in 

order to deduce the adsorption mechanisms of the proposed adsorbents  

2.7.2 Adsorption mechanism of CNT and its composites 

The sorption mechanisms reported for metal ions by CNT include: - electrostatic attraction, 

physical adsorption and sorption-precipitation (Gupta et al., 2015). The CNT establish π-π 

electrostatic attractions with divalent metal ions (Lu & Liu 2006; Rao et al., 2007; Xu, Tan, 

Chen, & Wang, 2008; Vukovic et al., 2011). The other common chemical interaction is that 

between the CNT surface functional groups and the metal ions as represented in Fig. 5. A study 

conducted by Li et al. (2003a) established the uptake of metal ions by CNT was a combination of 

electrostatic attraction and sorption-precipitation. 

Vukovic et al. (2011) compared the sorption performance of pristine, oxidized, ethylenediamine 

and diethylenetriamine modified multi-walled carbon nanotubes (raw-MWCNT, o-MWCNT, e-

MWCNT and d-MWCNT, respectively) in removing Pb(II) from water. The Pb(II) maximum 

adsorption capacities of raw-MWCNT, o-MWCNT, e-MWCNT and d-MWCNT at 318K were 

5.21, 40.79, 44.19 and 58.26 mg g-1, respectively. The equilibrium data was best fitted to the 

Langmuir isotherm model, indicating that the active binding sites on the adsorbent surface were 

homogenous for Pb(II) sorption. The pseudo-second-order model described the sorption process, 
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indicating that the chemical adsorption involved electron exchange between the adsorbent and 

the adsorbate (Pb2+). 

In a separate study, Kosa et al. (2012) investigated the potential of MWCNT enhanced by a 

chelating agent (8-hydroxyquinoline). The experiment compared the sorption capacities of 

pristine MWCNT and 8-hydroxyquinoline modified carbon nanotubes (8-HQ-MWCNT) for 

Cu(II), Pb(II), Cd (II) and Zn (II) from water. The calculated results indicated that the maximum 

adsorption capacities for Cu(II), Pb(II), Cd(II) and Zn(II) by pristine MWCNT were 0.080, 

0.064, 0.011 and 0.063, respectively. While the sorption capacities for Cu(II), Pb(II), Cd (II) and 

Zn (II) onto the 8-HQ-MWCNT adsorbent were 0.080, 0.076, 0.032 and 0.075, respectively. 

The adsorption data obtained from adsorption of Pb(II) and Cu(II) by the proposed adsorbents 

need to be modeled onto the isothermic equations in order to establish the maximum adsorption 

capacity of these adsorbents  

2.8 Competitive adsorption  

The competitive adsorption of metals for sorption sites take place when there are different metal 

ions in a given a solution. Competitive studies conducted by Stafiej & Pyrznska (2007) showed 

that the adsorption of Cu2+ by CNT decreased when it was in a binary metal system with other 

metal ions. Li et al. (2003a) also carried out both single and competitive sorption of Pb2+, Cu2+ 

and Cd2+ onto CNT and the study established that the sorption of these metal ions decreased 

from 97.08, 28.49 and 10.86 mg L-1 to 27.6, 17.6 and 2.4 mg L-1, respectively, in a tertiary 

system. The competitive adsorption of binary aqueous metal cations also showed that the 

sorption capacity of Pb2+ and Cu2+ by GO decreased (Sitko et al., 2013). There is no 

documentation, however, showing competitive sorption of metal ions by GO-mβCD and 

OMWCNT/Ppy. 

2.9 Regeneration of adsorbents 

The repeated viability of an adsorbent through adsorption-desorption cycles is important because 

it reduces the overall cost of the adsorbent. Desorption of the metal ions from the surface of the 

adsorbent strongly depends on the pH of the regeneration solution. Studies on the regeneration of 

both CNT and GO have shown that desorption of metal ions is higher at lower pH than at higher 

pH (Li et al., 2005; Wu et al., 2013). At lower pH desorption is high because of the increase in 
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the concentration of H+ ions resulting to an increased force for ion exchange between the cations 

and H+ thus the cations go into solution (Febrianto et al., 2009) 

Fig. 7 shows desorption of Cu(II) from GO by adjusting pH values of the solution. It is observed 

that, desorption is increases as the pH of the solution is decreased. Desorption decreases as the 

pH of the solution approaches 5, and is very low at pH>5. Similarly, desorption of Pb(II) from 

CNT at varying pH solution conducted by Li et al. (2003) also shows that 100% desorption at 

pH<2 (Fig. 8). 

These studies on the reusability of both GO and CNT indicate that the GOmβCD and 

OMWCNT/Ppy composites, if synthesized, may also have a potential to be reused. However, 

there are no studies showing that they can be regenerated. 

 

 

 

Fig. 7: Desorption rate of Cu(II) from GO at different pH values of HCl solution (Wu et al., 

2013) 
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Fig. 8: Desorption rate of Pb(II) from CNT at different pH values of HCl and HNO3 solution (Li 

et al., 2005) 
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CHAPTER 3 

MATERIALS AND METHODS 

This section discusses the materials and methods that were used in the synthesis, characterization 

and optimization of the proposed adsorbents. 

3.1 Chemicals and reagents 

The chemicals used include; natural graphite flakes (20 µm, 99.8% pure) - Sigma Aldrich 

(Germany) and MWCNT (Nanografi-Turkey) with an average external diameter of 10 nm and 

average length of 1.5 µm, with purity of more than 95% and an estimated surface area of  ~300 

m2 g-1. Copper (II) nitrate tri-hydrate [Cu(NO3)2·3H2O], anhydrous lead (II) nitrate, [Pb(NO3)2], 

potassium bromide (KBr), sodium hydroxide (NaOH), hydrochloric acid (HCl), sulfuric acid 

(H2SO4), potassium persulphate (K2S2O8), phosphorous pentoxide (P2O5), potassium 

permanganate (KMnO4), hydrogen peroxide (H2O2), ferric chloride (FeCl3), nitric acid (HNO3) 

and acetone were purchased from Merck Co (Germany), methyl-β-cyclodextrin and  pyrrole, 

purchased from Sigma Aldrich (Germany). All the chemicals and reagents used were of 

analytical grade. Deionized water was used for preparation, dilution and analytical purpose. 

3.2 Equipment 

The changes in the functional groups in the CNT adsorbents were recorded by FT-IR Spectrum 

2000, Perkin-Elmer, Germany. The FT-IR spectra of the GO and GO-mβCD were determined by 

attenuated reflectance FT-IR fitted with a diamond crystal (Nicolet iS-5, USA). The specific 

surface area (SSA) and pore distribution of the CNT and its nanocomposites were determined 

using a Quadrasorb Evo 4, Quantachrome, USA gas adsorption analyzer. 

The morphology of the adsorbents was determined by Scanning Electron Microscopy (SEM) and 

the micrographs recorded on Zeiss Evo ls10 SEM-UK. The concentration of the copper ions and 

lead ions after sorption was determined by Atomic Adsorption Spectrometer (Analytikjena 

contrAA 300, AAS - Germany). 

Raman microscopy was performed by Renishaw in Via Raman microscope (Renishaw plc UK) 

while X-ray diffractometer (GNR APD 2000 PRO - Italy) was used to determine the 

crystallography of GO and GO-CD. The thermal stability of the MWCNT and the composite was 

determined using a Thermogravimetric Analyzer (Setsys Evolution TGA Setaram- France). The 
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ultrasonicator used was (Bandelin Electronic UW 3100, Berlin-Germany), the sonicating bath 

was Bandelin Sonorex electronic RK 100H, Berlin- Germany and centrifuge was Hettich 

Zentrifugen Universal 320, Germany. 

3.3 Synthesis 

The synthesis of both GO and its composite GO-mβCD and OCNT and its composite OCNT/Ppy 

was carried out as follows. 

3.3.1 Synthesis of GO and GOmβCD  

Graphene oxide (GO) was prepared from natural graphite flakes, by a modified Hummers’ 

method (Marcano et al., 2010). Graphite flakes (5 g) were put into a 250 mL round-bottomed 

flask, which had 98% H2SO4 (60 mL), K2S2O8 (5 g), P2O5 (5 g) and placed on a magnetic stirrer. 

Then, the temperature was gradually raised to 80°C and kept at this temperature for 6 h to form 

pre-oxidized graphite. The pre-oxidized graphite was washed using distilled water and dried at 

room temperature. This pre-oxidized graphite (5 g) was further oxidized by 150 mL of 98% 

H2SO4 in ice-water bath at -10°C with gradual addition of 22.5 g KMnO4 into the mixture 

followed with repeated stirring and cooling. The mixture was stirred for 48 h at 35°C. 

Subsequently, 2.8 L of deionized water was added to the mixture accompanied by continuous 

stirring. Finally, 25 mL of 30% H2O2 solution was slowly added to the mixture followed by 

stirring with a magnet stirrer until the colour of the dispersion changed from black to yellow 

(Fig. 9). The synthetic product, GO, was filtered and washed with HCl (5 wt%) and deionized 

water, respectively. The prepared GO solid was dried at 60°C in a vacuum oven for 12 h.  

Graphene oxide methyl-beta cyclodextrin (GO-mβCD) was synthesized as described by Guo et 

al. (2010). A 20 mL portion of the homogeneous dried graphene oxide dispersion (0.5 mg mL-1) 

was mixed with 20 mL of 80 mg mL-1 methyl-β-cyclodextrin aqueous solution and thoroughly 

shaken for 30 min in an ultrasonicator. The mixture was then heated to reflux at 50˚C for 12 h to 

obtain the GO-mβCD nanocomposite. The resulting material was centrifuged at 4000 rpm and 

washed three times with distilled water to remove excess mβCD and vacuum dried at 50ºC for 12 

h in a vacuum dried oven. 
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Fig. 9: Picture of yellow dispersed GO 

The schematic diagram showing the synthesis of GO-mβCD composite is shown in Fig. 10. The 

prepared GO-mβCD and GO solids were then characterized for functional group, morphology, 

surface area and thermal stability. 

 

Fig. 10: The schematic diagram showing the synthesis of GO-mβCD composite 

3.3.2 Synthesis of the oMWCNT and oMWCNT/Ppy  

Oxidized MWCNT was prepared through chemical oxidation (Stafiej & Pyrznska, 2007; 

Datsyuk et al., 2008). MWCNT (0.3 g) were dispersed in 70 mL of 8 M concentrated nitric acid 

solution in a round bottomed flask and sonicated for 2 h at 40˚C in a sonicating bath. The 

mixture, mounted with a magnetic stirrer was then refluxed in an oil bath for 24 h at 80˚C. The 

resultant mixture was vacuum filtered and the oMWCNT formed were washed in excess 

deionized (DI) water to neutral pH 7 before vacuum drying the black residue at 90˚C for 12 h. 
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To obtain the composite, 0.1 g of oMWCNT were dispersed in 20 mL DI water in an 

ultrasonicator for 30 minutes, 0.2 mL pyrrole was then added to the dispersion and thoroughly 

stirred for 5 minutes by an ultrasonicator. In situ polymerization of oMWCNT was then initiated 

by adding 2 g of anhydrous FeCl3 to the mixture and stirred for 3 h (Hosseini et al., 2015). The 

product was vacuum filtered and repeatedly rinsed with distilled water, followed by addition of 

acetone to remove adhering oligomers. Thereafter, the black composite was washed again with 

distilled water before vacuum drying for 8 h in an oven at 60˚C. The schematic flow diagram of 

coating oMWCNT with Ppy is shown in Fig. 11. 

 

 

Fig. 11: The schematic flow diagram of coating oMWCNT with Ppy 

3.4 Characterization of GO, GO-mβCD, pMWCNT, oMWCNT and oMWCNT/Ppy  

3.4.1 Functional group changes 

The changes of the functional groups on the adsorbents were determined using FTIR microscopy 

using a KBr disk. A pressed pellet was prepared by grinding the sample powder with IR grade 

KBr in a mortar and the scan was done over a wavelength range of 4000-400 cm-1. 

The FT-IR spectra of the GO and GO-mβCD were determined by attenuated reflectance FT-IR 

equipped with diamond crystal. First, the crystal surface was thoroughly cleaned using acetone. 

The acetone was allowed to completely evaporate before the sample was pressed onto the 

diamond crystal to obtain the spectrum over a wavelength range of 4000-400 cm-1 in 

transmission mode. 

3.4.2 Specific surface area 

The SSA and pore distribution of the CNT and its nanocomposites were determined using 

Brunauer, Emmett and Teller (BET) and Density Functional Theory (DFT) models for N2 

adsorption/desorption at 77K. The preweighed samples were degassed for 6 h by applying a 

combination of heat at a temperature of 280˚C and a vacuum pressure of 1 atm. This was to 
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remove any previously absorbed contamination from the surface and the pores. The samples 

were then cooled and the adsorption gas N2 passed through the samples tube in controlled 

increments of pressure (P/Po= 0.2) to obtain the adsorption isotherms. 

3.4.3 Analysis of Morphology 

The morphology of the adsorbents was determined by Scanning Electron Microscopy (SEM). 

The sample was thinly and compactly spread on a stub that had an adhesive and mounted on a 

specimen holder. The analyses were then performed using an electron beam accelerated at a 

voltage of 20 kV and a beam current of 50 pA.   

3.4.4 The concentration of metal ion solution after adsorption and desorption 

The concentration of the copper ions and lead ions after adsorption was determined by Atomic 

Adsorption Spectrometer (AAS) using acetylene flame with the beam of lead and copper 

wavelengths 217 nm and 324 nm, respectively. The calibration curves (see appendix) were 

prepared before each experiment using standard solutions of copper (II) nitrate tri-hydrate 

[Cu(NO3)2·3H2O] and anhydrous Pb(NO3)2. 

3.4.5 Analysis of order and disorder in hexagonal carbon 

Analysis of order-disorder in hexagonal carbon was performed by a Raman microscope using a 

laser operated at a wavelength of λ = 514 nm at an output power of 1.0 mW under an objective 

lens x 20 magnification with 30 seconds exposure time. 

3.4.6 Crystallinity of GO and GO-mβCD  

The crystalline nature of GO and GO-mβCD was done on X-ray diffractometer equipped with 

Cu Kα radiation (λ = 0.15418 nm). The samples were first pressed into a uniform layer onto the 

sample holder to form a smooth surface. After loading the sample, the voltage and current was 

slowly adjusted to 40.0 kV and 29.82 mA, respectively before scanning. The interlayer distance 

can be calculated using Bragg’s Eqn 17. 

 

 

  𝑑 =
𝑛𝜆

2 sin 𝜃
        (Eqn 17) 
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where d is the interlayer distance, n is an integer, 𝜃 is the incident angle and λ is the wavelength 

of the x-ray.  

3.4.7 Thermal stability 

The thermal stability of the MWCNT and the composite was determined using a 

Thermogravimetric Analyzer in a dry nitrogen atmosphere. Initial samples were weighed at 5 ± 

0.1 mg each and then heated at a rate of 10˚C per min from 100 to 1000˚C. 

3.5 Adsorption Experiments 

The adsorption procedures to determine the influence of adsorption conditions such as pH, initial 

metal concentration and contact time were carried out in triplicates following reported 

procedures (Hu et al., 2010; Vukovic et al., 2011). 

3.5.1 Preparation of the Cu2+ and Pb2+ Solutions 

The stock solutions (1000 mgL−1 Cu2+ and Pb2+) were prepared by dissolving 3.8250 g copper 

(II) nitrate tri-hydrate [Cu(NO3)2.3H2O] and 1.599 g anhydrous Pb(NO3)2, respectively, in 100 

mL of deionized water in a 1 L volumetric flasks. The flasks were then topped to the mark using 

deionized water. From each of the stock solutions 0.25, 1.25, 2.5, 12.5 and 25 mL were pipetted 

into a 250 mL volumetric flask then diluted using deionized water to the mark to make solutions 

of 1, 5, 10, 50 and 100 mg/L of Cu2+ and Pb2+. 

3.5.2 Effect of initial pH  

An adsorbent of mass 20 mg placed in a 20 mL metal ion solution of concentration 10 mg/L was 

used in all adsorption experiments. The pH of the stock solution was adjusted by using 0.1 M 

HNO3 or 0.1 M NaOH .All the adsorption experiments were performed at room temperature at a 

pH value of 4 - 6. 

3.5.3 Effect of contact time 

The effect of contact time on heavy metal adsorption was investigated using the predetermined 

optimum pH from section 3.5.2 above. A pH 6 and pH 5 were used for determining the of Pb(II) 

and Cu(II), respectively In each experiment an adsorbent of mass 20 mg in 20 mL of 10 mg/L 

metal ion solution was used and the contact time was varied from 5 to 120 min at the optimum 

pH. Using the initial metal ion concentration, Co and the final metal ion concentration, Ct 
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obtained after a given contact time was determined using AAS. The amount of each metal ions 

adsorbed, 𝑞𝑡, after a given contact time was then calculated using the equation given below, 

 

𝑞𝑡 =
𝑉(𝐶𝑜−𝐶𝑡)

𝑚
            (Eq. 18) 

 

where;   

qt = maximum amount of metal ions adsorbed after time t (mg g-1) 

C o = initial metal ion concentration (mg L-1) 

C t = final metal ion concentration after a specific contact time interval (mg L-1) 

V = volume of metal solution used (L) 

m = mass of adsorbent used (g)  

3.5.4 Competitive sorption studies 

The competitive sorption experiments of Cu(II) and Pb(II) by the adsorbents were carried out in 

Cu(II)/Pb(II) mixture. The experiments were carried out by adding 10 mg of the adsorbent into 

metal ion solution of initial concentration 5 or 10 mg/L at the predetermined optimum pH. This 

was stirred at 200 rpm for 2 h and the final concentrations of metal ions from each adsorbent 

were determined by AAS.  

3.6 Regeneration of the adsorbents 

The metal ion-pretreated adsorbents were put into 25 mL HNO3 solution with pH adjusted at 1.0, 

2.0, 3.0, 4.0 and 5.0, followed by agitating for 2 h after every adjustment to desorb the adsorbed 

metal into solution. The adsorbed metal ions were desorbed and dissolved in solution. 

Consecutive sorption–desorption cycles were repeated five times using the same adsorbent to 

determine its reusability. The solution was collected by centrifugation and the amount of metal 

ions desorbed measured using AAS. 

3.7 Statistical Analysis  

All the sorption experimental data are means of triplicates determined at confidence level of 95% 

to test the significance of the analytical results. A completely randomized single factor design 

and students t-test (p ≤ 0.05) was used to check the variations in the adsorbents and the sorption 
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in the different metal ion systems. Statistical analysis was performed using SAS statistical 

application linear model.  
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CHAPTER 4 

RESULTS AND DISCUSSION 

This section deals with the synthesis and characterization of GO and GO-mβCD, as well as 

oMWCNT and oMWCNT/Ppy and the sorption characteristics of these adsorbents for Pb(II)  

and Cu(II) from aqueous solutions. 

4.1 GO-mβCD nanocomposite 

4.1.1 Synthesis and Characterization of GO and GO-mβCD  

Fig. 12 indicates FTIR spectra of GO, mβCD and GO-mβCD which shows the characteristic 

peak of GO at 3400 cm-1 and associated with the O−H stretching and vibrations of the skeletal 

hydroxyl groups (Sitko et al., 2013; Zhang et al., 2014), while 1725 cm-1, 1630 cm-1 and 1043 

cm-1 bands are associated with the C=O of COOH, C=C of the non-oxidized graphitic skeleton 

and C−O stretching mode in hydroxyl or epoxy groups COH/COC, respectively as noted by 

Zhang et al. (2014). As shown in the mβCD spectra the absorption bands at 2923 cm-1 and 1367 

cm-1 correspond to the −CH2− stretching and −CH− bending vibrations, respectively and the 

characteristic band of the coupled C−O/C−C vibrations at 1020 cm-1 (Fan et al., 2012; Huang et 

al., 2012). The GO-mβCD spectra has the characteristic peak at 1630 cm-1 of GO and the 

characteristic band C−O/C−C of CD. In addition, the characteristic peak 3400 cm-1 of -OH is 

found in both GO and mβCD spectra. This indicates that mβCD was successfully physically 

attached onto the surface of GO. 

The SEM micrographs of GO and GO-mβCD in Fig. 13, show that the plane sheets of GOs 

appear to be smooth with very few wrinkles, but the GO-mβCD is rough with more wrinkles due 

to the packing of the nanoparticles. This is similar to that observed by Song et al. (2013), an 

indication that a packing of molecules onto the GO did take place.  

The Raman spectroscopy is useful in the characterization of carbonaceous materials, especially 

to distinguish the ordered and disordered carbon in the structure. The Raman spectra for GO and 

GO-mβCD are shown in Fig. 14, the G-band at < 1580 cm-1 is associated with graphitic 2 

dimensional hexagonal lattice corresponding to sp2 stretching modes of carbon while the D-band 

at < 1350 cm-1 represents sp3-hybridized carbon which is associated with disorder in the graphitic 

skeleton.  
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Fig. 12: FTIR spectra of (a) GO (b) mβCD and (c) GO-mβCD 

 

  

 

Fig. 13:  SEM images of (a) GO and (b) GO-mβCD 

The intensity of the D-band is denoted as ID which indicates disorder in graphitic skeleton and 

that of the G-band is denoted as IG represents the ordered graphene skeleton, thus, the ratio of 

ID/IG is used to indicate relative disorder present in the graphitic skeleton (Costa et al., 2008). 

The ID/IG ratios of the GO and GO-mβCD obtained in this study were 0.88 and 0.93, respectively 

as shown in Fig. 14. The increase in ID/IG  ratio in GO-mβCD suggests that there was an increase 

in defects on the GO which can be attributed the incorporation of mβCD onto the GO surface. 

a b 
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An increase in disorder associated with increase in the number of Csp
3 present in the structure of 

GOCD was also noted by and Song et al. (2013) and Wang et al. (2014). 

 

 

 

Fig. 14: Raman spectra GO and GO-mβCD 

 

The XRD patterns of GO, mβCD and GO-mβCD are shown in Fig. 15. The sharp diffraction 

peak of GO is located at 2θ = 9.0˚ corresponding to GO (001) crystallographic plane. The 

interlayer distance of GO was calculated using Bragg’s Eqn 17. 

The interlayer distance obtained was 0.98 nm which shows that the interlayer spacing in GO was 

much wider than that of graphite which has been reported at 0.34 nm (2θ = 26.5˚) by Sitko et al. 

(2013). The wide interlayer distance of GO confirms the introduction of functional groups onto 

the graphite structure as observed by Hu et al. (2014). The XRD pattern of mβCD on the other 

hand, shows prominent peaks at 2θ values of 12.5˚ and 19˚, while the GO-mβCD spectrum 

shows broad peaks at about 2θ = 9˚ of GO and 2θ values of about 12.5˚ and 18˚ of the CD 

indicating that there is a mix in the stacking resulting from the settlement of mβCD onto GO this 

result is similar to that as observed by Hu et al. (2010) and Zhou et al. (2014). 
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Fig. 15: XRD patterns of GO and GO-mβCD 

4.1.2 Sorption of Cu(II) and Pb(II)  onto GO-mβCD 

4.1.2.1 Effect of initial pH  

The pH of a solution has been identified as the most important factor influencing sorption of 

metal ions because it affects surface properties of adsorbents. In addition, the pH of a solution 

has an influence on the hydrolysis, precipitation, complexation and speciation of Pb ions and Cu 

ions (Xu et al., 2008). The effect of initial solution pH on the removal of Pb(II) and Cu(II) by 

GO and GO-mβCD was investigated (Fig.16). The sorption of Pb(II) ions onto GO (Fig.16a) was 

almost constant at pH 4.0-6.0 and for GO-mβCD a slight rise from 4.0 to 6.0, where the removal 

was ca. 87% and ca. 90%, respectively, at pH 4. The point of zero charge of GO has been 

reported to be 3.8-3.9 (Zhao, Li, Re, Chen, & Wang, 2011), hence, at pH > 3.8 GO surface is 

expected to be negatively charged. At the same time, the predominant species of lead ions at pH< 
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6.0 is Pb2+; the uptake of this species thus takes place through its electrostatic interaction with 

the negatively charged GO surface.  

On the other hand, a rise in sorption of Pb(II) with increase in pH in GO-mβCD could be 

attributed to the hydroxyl groups of the CD which are polar as suggested by Konkena & 

Vasudevan (2012) thus making the GO-mβCD surface charged. A similar observation was made 

by Hu et al. (2010), who found that the introduction of cyclodextrin onto MWCNT/iron oxide 

composite enhanced the sorption capacity of the composite for Pb(II) ions.  This suggests that the 

sorption of Pb(II) by GO-mβCD is through surface electrostatic attraction, hence the hydroxyl 

groups on the CD cavities enhanced the sorption capacity of GO.  

 

 

 

 

 

Fig. 16: Effect of pH on sorption of (a) Pb(II) and (b) Cu(II) by GO and GO-mβCD (1 mg/mL 

dosage, contact time: 2 h, concentration: 10 mg/L) 

Similarly, the sorption of Cu(II) ions onto both GO and GO-mβCD (Fig.16b) was a slight rise 

from 4.0 to 6.0, where the removal was ca. 86% and ca. 75%, respectively, at pH 4. This is 

because the pH has an influence on the surface characteristics of the adsorbent. The increase in 

pH leads to an increase in the negative charge of the adsorbent which favors the electrostatic 

attraction between the Cu(II) and the COO- or O- on the GO surface forming metal ion complex 

(Wu et al., 2013). The same observation is made in regards to the GO-mβCD adsorbent, 

however, the uptake of Cu(II) by GO-mβCD is lower than of GO. This could possibly be 

(a) (b) 
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attributed to the fact that in the attachment of mβCD to GO through hydrogen bonding reduces 

the COO- on GO that could otherwise been available for the uptake of Cu(II) ions which is also 

not compensated by the O- groups on the mβCD. However, the percentage sorption for both 

adsorbents was highest at pH=6 but at pH>6 there was precipitation. Subsequent analysis was 

henceforth performed at pH=6.   

4.1.2.2 Effect of contact time 

The sorption behavior of Pb(II) and Cu(II) by GO and GO-mβCD with respect to contact time 

was carried out at pH 6.0 and pH 5.0, respectively, by varying the treatment time from 0 to 120 

min. As shown in (Fig. 17a), the uptake of Pb(II) by both adsorbents was very fast during the 

first 20 min before attaining equilibrium needed at 40 min. However, the equilibrium time for 

uptake of Cu(II) was lower as shown in (Fig. 17c). This is different from the observation made 

by Sitko et al. (2013), in which equilibrium time of the sorption of both Pb 2+ and Cu 2+ by GO 

was established at 60 min. Similarly, the observation by Wu et al. (2013) different metal ion 

concentration of 50, 100 and 150 mg L-1, equilibrium time was 120 min for sorption of Cu2+ onto 

GO. 

The changes in sorption with time were also fitted in the pseudo-first-order (Lagergren, 1898) 

and pseudo-second-order Ho and Mc Kay (2000) kinetic models. The linearized form of pseudo-

second-order equation is expressed as eq. 1 and 2 in section 2.7 above. 

The slope of t/qt versus t (Fig. 17b and 17d) was used to calculate k2. Table 5 shows the 

coefficient of determination (R2), qe(exp) and the calculated values qe(cal) of the pseudo-first-order 

and pseudo-second-order kinetic model. The experimental sorption capacities qe(exp) and the 

calculated values qe(cal) were in good agreement for the pseudo-second-order equation implying 

that the kinetic data correlates well with pseudo-second-order kinetics. The sorption mechanism 

is therefore, electrostatic interaction between Pb(II) ions and the negatively charged GO surface 

containing functional groups as well as abundant oxygen-containing groups on mβCD . This is 

similar to the report by Madadrang et al. (2012) and Musico et al. (2013) which also established 

that the uptake of Pb2+ by GO and GO composites of EDTA and poly(N-vinylcarbazole), 

respectively, correlated well with pseudo-second order kinetics. 
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Fig. 17: Effect of contact time on sorption of (a) Pb(II) and (c) Cu(II) on GO and GO-mβCD  and 

pseudo-second-order kinetics of (b) Pb(II) and (d) Cu(II) sorption on GO and GO-mβCD (1mg 

adsorbent/mL solution, pH: 6, contact time: 120 min, concentration, 10 mg/L) . 

The kinetic data was applied on both the intra-particle diffusion model (Weber & Morris, 1963) 

and the liquid film diffusion model (Boyd, Adamson, & Myers, 1947) to determine the diffusion 

mechanisms of the adsorbents. The intra-particle model (Eq.3) and the liquid film model (Eq.4) 

are expressed as shown in section 2.7.             

    

The plots of qt against t and –ln(1-F) against 𝑡 of the experimental data are shown in Fig. 18 

(c) 

(d) 
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Fig. 18: The plots of intra-particle diffusion (a) and liquid film diffusion (b) for the sorption of 

Pb(II) on GO and GO-mβCD. 

The plots did not give straight lines going through the origin; implying that this sorption was 

neither controlled by liquid film diffusion nor intra-particle diffusion. In conclusion, the sorption 

of lead(II) ion by GO and GO-mβCD is governed by pseudo-second-order kinetic model together 

with liquid film and intra-particle diffusion models.  
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Table 5: Kinetic parameters of pseudo-first-order and pseudo-second-order equation for Pb(II) 

and Cu(II) sorption on GO and GO- mβCD  at initial concentration of 10 mg/L. 

  Pseudo-first-order Pseudo-second-order 

Metal Adsorbent qe 

(mg/g) 

(exp) 

qe 

(mg/g) 

(cal) 

k1(g 

mg-

1min-1) 

R2 qe 

(mg/g) 

(exp) 

qe 

(mg/g) 

(cal) 

k2(g 

mg-

1min-1) 

 

R2 

Pb GO 8.792 1.530 0.048 0.913 8.716 9.01 0.066 0.999 

 GO-mβCD 9.784 1.974 0.064 0.867 9.675 9.90 0.080 0.999 

Cu GO 9.02 2.223 0.034 0.874 8.43 8.77 0.031 0.999 

 GO-mβCD 8.27 3.065 0.048 0.854 8.27 8.70 0.019 0.999 

 

4.1.2.3 Effect of initial concentration 

The metal ion uptake by the GO and GO-mβCD adsorbents at different initial metal ion 

concentration was recorded as shown in Table 6. It was observed that the sorption of Pb(II) ions 

between  the GO and GO-mβCD adsorbents was significantly different (p≤0.05) whereas the 

sorption of Cu(II) by the adsorbents was not significantly different. This implies that the 

attachment of mβCD onto GO did enhance its sorption capacity for Pb(II) ions but not for Cu(II) 

ions. The sorption of Pb(II) onto the composite is higher than that of Cu(II) despite the fact that 

Pb(II) is larger (119 pm) than Cu(II) (72 pm). However, their electronegativity follows the order 

of Pb (II) > Cu(II) that is 2.33 and 1.90, respectively. This could imply that electronegativity is 

contributing factor to the difference in their sorption. 

The experimental values obtained at varying initial metal concentrations in Fig. 19 were fitted 

onto the Langmuir and Freundlich isotherm models. According to qe calculated and qe 

experimental values in Table 7, the Langmuir model better described the experimental data than 

the Freundlich model. This finding was in agreement with a report by Yusuf et al. (2015) on the 

sorption studies of heavy metals on graphene and its derivatives that shows that most of the 

experimental data is best fitted to the Langmuir and pseudo-second-order models. Thus, the 

sorption of Pb(II) and Cu(II) ions onto GO and GO-mβCD can be concluded to be monolayer.  
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Table 6: The means of metal ions adsorbed at varying initial metal ion concentration. 

Metal 

ions 

Initial 

concentration 

(mg/L) 

10 20 30 40 50 100 150 200 

Lead 

GO 9.71±

0.048 

19.46±

0.018 

29.16±

0.03 

38.77

±0.09 

48.28

±0.02 

95.30

±0.04 

139.8

±0.05 

181.8

±0.07 

GO-mβCD 9.88±

0.069 

19.64±

0.058 

29.42±

0.03 

39.38

±0.06 

49.13

±0.1 

97.17

±0.08 

142.5

±0.04 

186.6

±0.32 

 LSD (p≤0.05) 0.06 0.06 0.03 0.05 0.14 0.08 0.62 0.86 

Copper 

GO 8.92±

0.34 

14.62±

0.11 

20.02±

0.19 

26.16

±0.14 

33.33

±0.09 

58.43

±0.07 

74.24

±0.16 

77.54

±0.06 

GO-mβCD 8.81±

0.35 

14.35±

0.15 

19.48±

0.21 

25.58

±0.17 

32.18

±0.21 

55.14

±0.1 

69.95

±0.21 

73.24

±0.32 

 LSD (p≤0.05) 0.08 NS NS NS NS NS NS NS 

 

 

  

 

Fig. 19: Sorption isotherm for (a) Pb(II) and (b) Cu(II) by GO and GO-mβCD (pH: 6, 1 mg 

adsorbent/mL solution, concentration: 10-200 mg/L) 

  

(a) (b) 
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Table 7: Langmuir and Freundlich isotherm constants for Pb(II) sorption on GO and GO-mβCD 

Adsorbent Metal Langmuir constants Freundlich constants 

 qmax(mg/g) b(mg/L) R2 kf  N R2 

GO Pb 217.39 0.183 0.999 32.89 1.605 0.986 

GO-mβCD  312.5 0.188 0.993 41.21 1.626 0.953 

GO Cu 90.09 0.034 0.973 5.90 1.751 0.966 

GO-mβCD  83.33 0.034 0.973 5.74 1.795 0.972 

 

In addition, the qmax values also indicate that the Langmuir sorption capacity of GO-mβCD 

(312.5 mg/g) is significantly higher than that of GO (217.39 mg/g) suggesting that the mβCD can 

be used to enhance the lead sorption capacity of GO. Implying, there may have been electrostatic 

attraction between the abundant hydroxyl groups in the mβCD and the Pb(II) ions hence 

increasing the uptake of the metal ions. In the investigation of the sorption characteristics of βCD 

modified iron oxide/MWCNT for the sorption of Pb2+, Hu et al. (2010) also observed that the 

hydroxyl groups on βCD formed strong complexes with Pb(II) on the surface of iron 

oxide/MWCNT/CD adsorbent.  

On the other hand, the uptake of Pb(II) ions by GO as suggested by Madadrang et al. (2012) is 

through ion exchange reaction that takes place between Pb(II) and  –COOH or –OH groups of 

GO as indicated in Eqn 11-14.  

However, for Cu(II) the qmax values indicate that the sorption capacity of GO-mβCD (83.33 

mg/g) is lower than that of GO (90.09 mg/g) indicating that the mβCD did not enhance the 

sorption capacity of GO for copper ions, this difference is not significant as shown in Table 6. It 

has been suggested that the removal of Cu(II) by GO is through ion exchange and electrostatic 

attraction between the Cu(II) and oxygen functional groups (-COOH and -OH) on the GO as 

shown in Eq. 7-10 (Wu et al., 2013). 

In the modification of magnetic nanoparticles with carboxylated βCD (CMCD-MNPs) to study 

the sorption capacity of the magnetite surface for Cu(II) ions, Badruddoza et al. (2011) observed 

that the multiple hydroxyl and carboxyl functional groups of the adsorbent could have enhanced 

the sorption capacity of the magnetic nanoparticles. However, in this study, the βCD did not 

enhance the sorption capacity of the GO. 
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4.1.2.4 Comparison of the sorption capacities of the adsorbents in this study with those in 

literature 

The qmax values reported in this study and those reported in literature are varied, this is because 

there are variations in sorption experimental conditions. For instance, as shown in Table 8, 

Musico et al. (2013) recorded qmax= 692.66 mg/g onto GO at pH 7.0 and 24 h contact time while 

Sitko et al. (2013)] recorded qmax= 1119 mg/g onto GO at pH 5.0 and contact time 2 h. 

Furthermore, there are variations in the modified Hummer’s process used in the synthesis of GO 

from graphite. Nevertheless, the studies indicate that the modified GO shows higher sorption 

capacity than GO as reported by Madadrang et al. (2012).  

 

Table 8: Comparison of the sorption capacities of the adsorbents in this study with those in 

literature. 

Metal Adsorbent Sorption 

capacity  

(mg/g) 

Conc. 

(mg/L) 

pH Temp. 

(K) 

Cont. 

time 

(h) 

Reference 

Lead GO 35.6±1.3  5.6   Lee and Yang 

(2012) 

 GO 1119  5.0 298 2 Sitko et al. (2013) 

 GO  367 5-300 6.8 298 24 Madadrang et al. 
(2012) 

 GO 692.66 5-300 7.0 298 24 Musico et al. (2013) 

 GO/Poly (N-

vinylcarbazole) 

887.98 5-300 7.0 298 24 Musico et al. (2013) 

 GO-Chitosan 99 50  Room 24 He et al. (2011) 

 EDTA/GO 525 5-300 6.8 298 24 Madadrang et al. 
(2012) 

 GO 217.39 10-200 6.0 298 2 This study 

 GO-mβCD 312.5 10-200 6.0 298 2 This study 

Copper GO 117.5 25-250 5.3  2.5 Wu et al. (2013) 

 Carboxyl- 

mβCD-MNPs 

47.2 50-200 6.0 298 4 Badruddoza et al. 
(2011) 

 GO 294  5.0 Room 2 Sitko et al. (2013) 

 GO 90.09 10-200 6.0 298 2 This study 

 GO-mβCD 83.33 10-200 6.0 298 2 This study 

        

 

According to a report by Madadrang et al. (2012), the sorption capacity of GO was enhanced by 

introducing chelating groups of N-trimethoxysilylpropyl) ethylenediamine triacetic acid through 
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silanization reaction to form EDTAGO-silane composite. The study attributed the sorption 

performance of the composite to the both the presence of –COOH and –OH functional groups of 

the GO surface and the –COOH groups of the EDTA. The sorption processes responsible the 

uptake of Pb(II)  ions by the composite were as shown in Eqns 11-16. 

4.1.3 Competitive sorption studies 

The competitive sorption experiments of Cu(II) and Pb(II) by the adsorbents were carried out in 

Cu(II)/Pb(II) mixture at initial metal ion concentrations of 5 and 10 mg/L. The simultaneous 

sorption of Pb2+ and Cu2+ (binary metal ion system) and single metal (Pb2+) ion system onto the 

GO-mβCD adsorbent is as shown in Fig. 20. The sorption of Pb(II) ions the single and binary 

metal ion system was not significantly different as indicated in Table 9. This could be attributed 

to the fact the GO-mβCD could not adsorb Cu(II) ions.  

 

Fig. 20: Sorption of Pb(II) ions onto GO-mβCD in the presence of Cu(II) ions 

 
Table 9: Means of metal ions in a single and binary metal ion system. 

Metal ion concentration 5 mg/L 10 mg/L 

Single metal ion system (Pb2+) 4.48±0.025 9.45±0.421 

Binary metal ion system(Pb2+ and Cu2+) 4.16±0.095 8.91±0.335 

LSD(p≤0.05) NS NS 
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4.1.4 Regeneration of adsorbent studies 

The repeated viability of an adsorbent through sorption-desorption cycles are important because 

it reduces the overall cost of the adsorbent. This study endeavored in determining the 

performance of the mβCD modified GO, hence the desorption experiments focused only on the 

GO-mβCD adsorbent with the pH adjusted 1.0, 2.0, 3.0, 4.0 and 5.0. Desorption of Pb(II) from 

GO-mβCD increased with decrease in pH with highest desorption obtained at pH 1.0 as shown in 

Fig. 21. The sorption efficiency of five consecutive cycles at pH 2.0 as also shown in Fig. 22 was 

above 90%, indicating that GO-mβCD can be reused for about five times without significant 

change in its sorption efficiency. Wu et al. (2013) also reported that by adjusting the pH solution 

the desorption rate for Cu(II) ions using GO adsorbent decreased with increase in pH. The study 

also indicated that the sorption capacity of GO could maintain above 95% of its initial capability 

after five cycles and above 90% after ten cycles. In the investigation of desorption of Pb(II) ions 

from EDTA-GO using HCl solution, Madadrang et al (2012) also observed that the desorption 

rate increased with decrease in the pH value of the washing solution. The study showed that the 

desorption of Pb(II) ions from EDTA-GO surface was about 9-15% at pH > 6 which increased to 

about 90% at pH < 2 . 

 

Fig. 21: Desorption of Pb(II) from GO-mβCD at different pH values 
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Fig. 22: The reusability of GO-mβCD in five consecutive cycles 

4.2 The oMWCNT-polypyrrole nanocomposite 

4.2.1 Synthesis and Characterization  

Fig. 23 shows the FT-IR spectra of the CNT and the composite, comparison of the FT-IR 

spectrum of pMWCNT with oMWCNT showed the appearance of new bands at 1732 cm- 1 

associated with the C=O stretching in the COOH group oxidation of pMWCNT. Similar results 

were observed after acid treatment by Vukovic et al. (2011) and Zhang & Xu (2015). All the 

three spectra have the bands 3436 cm-1, 2926 cm-1  and 1637 cm-1 corresponding to -OH, C-H 

and C=C stretchings, respectively. However, the 1637 cm-1 band on oMWCNT/Ppy spectrum 

decreased in intensity because of the π-π interaction of CNT with pyrrole. On the other hand, the 

oMWCNT/Ppy spectrum  has the 1547 cm-1 and 1462 cm-1 band for C=C and C-C stretching 

vibration of pyrrole ring in Ppy, respectively. The characteristic peaks at 780 cm-1and 1176 cm-1 

assigned to pyrrole ring vibrations and 1317 cm-1, 1043 cm-1 and 900 cm-1assigned to C-H in 

plane bending, C-H in plane deformation and C-H out of plane bending of pyrrole, respectively 

(Sun et al., 2002). 
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Fig 23: The FT-IR spectra of pMWCNT, oMWCNT and oMWCNT/Ppy 

 

The SEM images of pMWCNT, oMWCNT and the oMWCNT/Ppy are shown in Fig. 24. Due to 

their nano size and π-π interaction, pMWCNT tend to agglomerate (Fig. 24 (a)). However, 

oMWCNT Fig. 24 (b) is less entangled than pMWCNT. This can be attributed to the oxygen 

functionalities by acid treatment generating negative charge resulting to repulsion forces between 

the tubes (Rurlle et al., 2007). On the other hand, the homogenously flower-like particles on the 

oMWCNT in Fig. 24 (c) reveal the Ppy coating on the oMWCNT. These indicates that the Ppy 

was incorporated onto the oMWCNT. 
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Fig. 24: The SEM micrographs of pMWCNT (a), oMWCNT (b) and the oMWCNT/Ppy (c) 

Fig. 25 shows the pore size distribution of the pMWCNT, oMWCNT and oMWCNT/Ppy .which 

indicates that all the adsorbents are microporous. Their physical properties calculated using 

NLDFT method and the BET adsorption data is listed in Table 10. Adsorbents porous volume 

includes principally pores with a diameter less than 2 nm which are considered as microporous. 

Micropores volume decreased after the acidic treatment of pMWCNT, this evolution could be 

attributed to the removal of amorphous carbons (Csp
3) around pMWCNT as has been noted by Li 

et al. (2006). However, this acid treatment slightly affects the structure of MWCNT, since the 

pMWCNT and oMWCNT specific surface areas are almost equivalent (235.96 m² g-1 and 239.91 

m² g-1 respectively). This fact further supports the chemical modification of pMWCNT with 

acidic treatment. On the other hand, the oMWCNT/Ppy microporous volume, as well as their 

specific surface area, is lower than those of oMWCNT, this may have resulted by the Ppy 

occupation of pores.  
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Table 10: The physical properties of the pMWCNT, oMWCNT and oMWCNT/Ppy 

Adsorbent Pore diameter  

(Å) 

Surface area 

(m2/g)  

Pore volume 

(cm3/g) 

pMWCNT 14.48 235.96 0.148 

oMWCNT 16.57 239.91 0.088 

oMWCNT/Ppy 14.48 130.43 0.066 

 

 
 

Fig. 25: The particle distribution the pMWCNT, oMWCNT and oMWCNT/Ppy 

 

The Raman spectra of pMWCNT, oMWCNT and oMWCNT/Ppy in Fig. 26 show the changes in 

graphitic skeleton of CNT. The G-band at < 1580 cm-1 is associated with graphitic two 

dimensional hexagonal lattice associated of sp2 carbon stretching modes of carbon while the D-

band at < 1350 cm-1 represents sp3-hybridized carbon which is associated with disorder in the 

graphitic skeleton (Costa et al., 2008). The ratio of the intensities of the peaks (ID/IG) was used to 

show the alterations on the CNT skeleton. The increase of ID/IG ratio after acid treatment of CNT 

is an indication of oxidation as was noted by Kitamura et al. (2011). The ID/IG ratio of oMWCNT 

was higher than that of pMWCNT indicating an increase in disorder graphitic CNT resulting 
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from the etching of the tubes through the acid treatment. Similarly, the ID/IG ratio of 

oMWCNT/Ppy is higher than that of oMWCNT also showing further changes in the CNT side 

walls. This could be attributed to the electrostatic interaction between the oMWCNT and Ppy 

which is further supported by Fig. 24(c). 

 

 
 

Fig. 26: Raman spectra of pMWCNT, oMWCNT and oMWCNT/Ppy 

The thermogravimetric experiments performed on the pMWCNT, oMWCNT and 

oMWCNT/Ppy samples are shown in Fig. 27. Approximately 1% weight loss at a temperature 

below 150˚C was observed for all the samples which is associated with the evaporation of physi-

sorbed water molecule as has been reported by Datsyuk et al. (2008). Above 900˚C a further loss 

of mass estimated at < 2% for both pMWCNT and oMWCNT which corresponds to the 

degradation of amorphous carbon was observed while a mass loss of about 1.5% between 150-

500˚C corresponding to degradation of the carboxyl and hydroxyl groups on the oMWCNT walls 

as noted by Huo et al. (2001) and Datsyuk et al. (2008). However, while pMWCNT and 

oMWCNT thermograms show relative thermal stability, oMWCNT/Ppy shows drastic loss in % 

mass starting from 150 to 1000˚C with a residue of 72 wt.%. Thus, the percentage weight content 

of the Ppy coating on the oMWCNT/Ppy could be calculated by using the oMWCNT residue 
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which was 95 wt.% at 1000˚C as 95-72=23 wt.%. The TGA curves also confirm that the Ppy was 

successfully attached onto the oMWCNT. 

 

 
Fig. 27: TGA spectra of pMWCNT, oMWCNT and oMWCNT/Ppy 

 

4.2.2 Adsorption studies 

4.2.2.1 Effect of initial pH 

Fig. 28 shows the influence of pH on the adsorption capacity of the pMWCNT, oMWCNT and 

oMWCNT/Ppy for Pb(II) and Cu(II) ions, respectively. The percentage removal of Pb(II) by 

pMWCNT, oMWCNT and oMWCNT/Ppy at pH= 6.0 was 13.5%, 46% and 58%, respectively.  
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Fig. 28: Effect of pH on sorption of (a) Pb(II) and (b) Cu(II)  by pMWCNT, oMWCNT and 

oMWCNT/Ppy (1 mg/mL dosage, contact time = 1 h, concentration = 10 mg/L) 

The sorption efficiency for Pb(II) by oMWCNT increased with increase in pH from 4.0 to 6.0. 

The lead species in aqueous solutions are known to exist in the forms; Pb2+, Pb(OH)+, Pb(OH)2, 

and Pb(OH)3
- (Xu et al., 2008). At pH<7 the dominant Pb(II) species is Pb2+ hence the low Pb2+ 

sorption at lower pH by all the adsorbents could be attributed to the competition between H+ and 

Pb2+ in the solution. However, at higher pH 5.0 and 6.0 there was an increase in uptake of Pb2+ by 

oMWCNT. This may be attributed to decreased competition for sorption sites between the H+ 

and Pb2+, the negative charges on the oMWCNT walls hence take up the Pb2+ through 

electrostatic attraction. The sorption of Pb(II) by oMWCNT/Ppy, on the other hand, increased 
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from pH 4.0 to pH 5.0 and remained almost constant at pH 5.0 and pH 6.0. This is possibly 

attributed to the fact that the sorption mechanism by oMWCNT/Ppy is different from that of 

oMWCNT, at low pH the Ppy chain are highly protonated resulting in cationic repulsion of Pb2+ 

but as the pH increases there is electrostatic attraction between Pb2+ and the electron pair of 

nitrogen atom in the Ppy (Sahmetlioglu et al., 2014). In addition, there was low influence by pH 

on the sorption of Pb(II) by pMWCNT (Fig. 28a) this is because unlike oMWCNT, pMWCNT 

have low surface charge that may have an effect on their sorption capacity as pH changes as has 

been reported by Li et al. (2002) and Vukovic et al. (2011). At above pH 6 there was 

precipitation, thus all the experiments involving the sorption of Pb(II) in this study were 

performed at pH 6.0. 

The influence of pH on the sorption capacity of Cu(II) (Fig. 28b) by the oMWCNT/Ppy 

adsorbent remained almost constant at pH 4.0 and 5.0 with a drop at pH 6.0, while that for 

pMWCNT and oMWCNT increased with increase in pH. The Cu(II) species are known to exist 

in aqueous solutions in the forms; Cu2+, Cu(OH)+, Cu(OH)2, Cu(OH)3
- and Cu(OH)4

2- (Shen et 

al., 2010). Thus the competition between H+ and copper cations for the sorption sites at lower pH 

and precipitation of Cu(OH)2 at pH ˃ 6 (Wang, Li, & Su, 2009) make it necessary to restrict the 

study on the effect of pH between 4.0 and 6.0. The maximum sorption of Cu(II) by the 

oMWCNT/Ppy took place at pH 5.0, indicating that the deprotonation of the amine of the 

nitrogen in the Ppy by Cu(II)  is at lower pH; similar to the observation made by Hosseini et al. 

(2015) and Chaves et al. (2015). Similarly, the sorption of Cu(II) by pMWCNT and oMWCNT 

seemed to be guided by the change in surface charge. Therefore, the subsequent sorption 

experiments for Cu(II) in this study were performed at pH 5.0. 

4.2.2.2 Effect of initial concentration 

The experimental means for the metal ions uptake at varying initial metal ion concentrations 

were as indicated in Table 11. The results indicate that the sorption of Pb(II) ions by the 

adsorbents were significantly different as well as the uptake of Cu(II). The sorption isotherms of 

Pb(II) and Cu(II) with pMWCNT, oMWCNT and oMWCNT/Ppy at initial concentration (10-

100 mg/L) are shown in Fig. 29. The Langmuir (Eq.5) and Freundlich (Eq. 6) models – as 

mentioned in section 2.7 above - were used to describe the isothermic characteristics of the 

adsorbents. 
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Table 11: The means of Pb(II) and Cu(II) ions uptake by pMWCNT, oMWCNT and 

oMWCNT/Ppy at varying initial metal ion concentration 

Metal ions  Initial concentration 

(mg L-1) 

10  20 30 40 50 100 

Lead pMWCNT 1.23±

0.37 

2.46±

0.63 

2.52±

1.0 

2.84±

0.5 

3.10±

0.42 

3.90±

0.29 

oMWCNT 5.33±

0.50 

10.74

±0.36 

15.38

±0.36 

15.96

±0.33 

16.55

±0.49 

17.40

±0.08 

oMWCNT/Ppy 7.97±

0.21 

14.76

±0.21 

19.56

±0.47 

21.86

±0.24 

21.70

±0.58 

22.10

±0.41 

LSD (p≤0.05)  0.58 1.36 3.28 2.38 3.99 4.55 

Copper pMWCNT 1.11±

0.28 

1.76±

0.78 

2.36±

0.19 

2.74±

0.43 

2.95±

0.15 

2.90±

0.29 

oMWCNT 2.61±

0.29 

5.83±

0.39 

7.22±

0.67 

8.16±

0.52 

8.30±

0.5 

8.60±

0.7 

oMWCNT/Ppy 4.32±

0.46 

9.66±

0.35 

12.60

±0.30 

13.24

±0.36 

13.35

±0.5 

13.10

±0.6 

LSD(p≤0.05)  0.39 1.33 1.32 2.44 3.35 3.32 

 

The constants of Langmuir and Freundlich models are listed in Table 12. The correlation 

coefficients of Langmuir isotherm are higher than those of Freundlich model, indicating that 

Langmuir model better described the sorption characteristics of Pb(II) and Cu(II) onto 

pMWCNT, oMWCNT and oMWCNT/Ppy implying a monolayer sorption mechanism. The 

𝑞𝑚𝑎𝑥 and kf  values also indicate that the best sorption capacity for both Pb(II)  and Cu(II) was 

achieved by the composite oMWCNT/Ppy suggesting that Ppy enhances the sorption capacity of 

oMWCNT. Despite the fact that the oMWCNT/Ppy shows lower surface area and pore volume 

than the other adsorbents its sorption capacity increased. This suggests that the deprotonation of 

the amine of the nitrogen in the Ppy is the possible sorption mechanism taking for Cu(II) and 

Pb(II) ions (Seid et al., 2014) 
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Fig. 29: Sorption isotherm of (a) Pb(II) pH = 6 and (b) Cu(II) pH = 5 on pMWCNT, oMWCNT 

and oMWCNT/Ppy (pH = 5, m/V = 1 mg/mL, concentration = 10-100 mg/L) 
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Table 12: Langmuir and Freundlich isothermic constants for Pb(II) and Cu(II) sorption on 

pMWCNT, oMWCNT and oMWCNT/Ppy 

Metal 

ions 

Adsorbent Langmuir Parameters Freundlich Parameters 

qmax(mg/g) b(mg/L) r Kf(Lg-1) N r 

Pb(II)  pMWCNT 5.15 0.0376 0.957 0.561 2.247 0.887 

oMWCNT 17.54 0.0978 0.973 4.093 3.165 0.793 

oMWCNT/Ppy 26.32 0.220 0.988 8.453 3.676 0.763 

Cu(II)  pMWCNT 4.27 0.0399 0.981 0.507 2.336 0.843 

oMWCNT 16.95 0.0267 0.925 0.824 1.515 0.886 

oMWCNT/Ppy 24.39 0.0427 0.879 3.396 2.747 0.624 

 

4.2.2.3 Effect of contact time 

The kinetic data collected in this study was fitted to the pseudo-first order as per Lagergren & 

Svenska (1898) and pseudo-second order as stated by Ho and McKay (2000) rate of sorption 

kinetic models and the results are listed in Table 13.  

The qe (cal) values (Table 13) are in agreement with the qe experimental value in (Fig. 30) for 

pseudo-second order. The high R2 values and the close agreement between the experimental 

sorption capacities qe(exp) and the calculated values qe(cal) implies that the sorption of Pb(II) and 

Cu(II) follow pseudo-second order kinetics suggesting that the uptake process of these ions is 

through chemisorptions which are, similar to the observation made by Rao et al. (2007) in the 

review of the sorption of divalent metals from aqueous solutions by CNT. 

Table 13 also shows that Pb(II) was more favorably adsorbed onto the adsorbents in this study 

than Cu(II). The competitive sorption of metals onto oxidized CNT has been studied and 

different orders of affinity of metals have been reported. Li et al. (2003a) found the order Pb(II) 

˃Cu(II)˃Cd(II), Stafiej & Pyrznska (2007) reported the order as Cu(II)˃Pb(II)˃Co(II)˃ 

Zn(II)˃Mn(II) while the study by Tofighy & Mohammadi (2011) was in the metal order of 

Pb(II)˃Cd(II)˃Co(II)˃ Zn(II)˃Cu(II). Similarly, the competitive sorption of metal ions onto 

prisitine CNTs by Salam (2013) reported metal affinity in the order Cu(II)˃Pb(II)˃ Zn(II)˃Cd(II) 

and that of CNTs modified by 8-hydroxyquinoline by Kosa et al. (2012) was in the order 

Cu(II)˃Pb(II)≈ Zn(II)˃Cd(II). Researchers have attributed this phenomenon to different factors; 
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which include the mode of preparation of the CNTs and the properties of the ions in the aqueous 

solutions. The difference could also be attributed to their respective electronegativities that allow 

leads ions to take up more bonding electrons than copper. 

Table 13: Kinetic parameters of pseudo-first order and pseudo-second order equation for Pb(II) 

and Cu(II) sorption on pMWCNT, oMWCNT and oMWCNT/Ppy at concentration = 10 

mg/L 

 Pseudo-first order Pseudo-second order 

Metal 

ions 

Adsorbent qe 

(mg/g)

-exp 

qe 

(mg/g)

-cal 

k1(g 

mg-

1min-

1) 

R2 qe 

(mg/g)-

exp 

qe 

(mg/g)

-cal 

k2(g 

mg-

1min-1) 

R2 

Pb(II)  pMWCNT 1.433 0.925 0.024 0.590 1.458 1.567 0.0616 0.995 

 oMWCNT 4.151 4.70 0.044 0.835 4.171 4.950 0.0104 0.995 

 oMWCNT 

/Ppy 

5.720 1.511 0.024 0.453 5.720 5.882 0.0358 0.998 

Cu(II)  pMWCNT 1.431 0.055 0.027 0.976 1.431 1.569 0.0467 0.998 

 oMWCNT 3.175 3.663 0.039 0.941 3.175 3.663 0.0171 0.992 

 oMWCNT 

/Ppy 

4.268 2.506 0.040 0.924 4.268 4.566 0.0293 0.999 

 

The removal of Pb(II) from aqueous solution by the adsorbents as a function of time showed that 

40 min was sufficient for oMWCNT/Ppy, while pMWCNT, oMWCNT required 60 min (Fig. 

30a). The removal of Pb2+ by pMWCNT, eMWCNT and dMWCNT was reported to take an 

equilibrium time of 90 min (Vukovic et al., 2011). This indicates that the sorption in this study 

was a fast process. The removal of Cu(II) ions for all the adsorbents the equilibrium time was 60 

min (Fig. 30b). The different equilibrium time in the sorption of Pb(II) in the different sorbents 

could be attributed to the difference in the mean pore diameter of the adsorbents.  

The experimental data was also fitted onto the intra-particle diffusion model according to Weber 

& Morris (1963) and the liquid film diffusion model according to Boyd, Adamson, & Myers 

(1947) in order to determine the diffusion mechanisms.  
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Fig. 30: Effect of contact time on sorption of (a) Pb(II) pH = 6 and (b) Cu(II) pH = 5 on 

pMWCNT, oMWCNT and oMWCNT/Ppy (m/V = 1 mg/mL, concentration = 10 mg/L) 

Application of the intra-particle diffusion model to the experimental data for the metal diffusion 

in this study is shown in Fig. 31. The model indicates that intra-particle diffusion was not the rate 

determining step in the sorption process in this study. In addition, the liquid film diffusion model 

also assumes that the flow of the adsorbate particles through a liquid film is the rate determining 

step in a sorption process. 
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Fig. 31: Plots of intra-particle diffusion for the sorption of (a) Pb(II) and (b) Cu(II) on 

pMWCNT, oMWCNT and oMWCNT/Ppy (m/V = 1mg/mL, concentration = 10 mg/L) 

4.2.2.4 Comparison of the sorption capacities of the adsorbents in this study with those in 

literature 

The maximum sorption capacity (qmax) values of the oMWCNT/Ppy were compared to the metal 

sorption capacities (Langmuir isotherm model) reported in other studies using different types of 

CNT as shown in Table 14. The qmax is seen to differ widely, and this could be attributed to the 

fact that these experiments were performed under different conditions such as pH and initial 

concentration and the CNT preparation in these studies are diverse.  
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Table 14: Comparison of the sorption capacities of the adsorbents in this study with those in 

literature 

Metal Adsorbent Sorption 

capacity, 

qmax (mg/g) 

Conditions References 

Pb(II) Acidified MWCNT 17.44 pH 5, Co =10mg/L Li et al. (2002) 

 CNT 102.04 pH 5, Contact time = 

80min 

Kabbashi et al. (2009) 

 MWCNT 15.9 pH 6 Ren et al. (2011) 

 MWCNT modified 

with 2-vinylpyridine 

22.04 pH 6 Ren et al. (2011) 

 Raw CNT 2.94 pH 6.2, Co = 5- 

100mg/L, T= 25˚C 

Vukovic et al. (2011) 

 Oxidized MWCNT 37.36 pH 6.2, Co = 5- 

100mg/L, T= 25˚C 

Vukovic et al. (2011) 

 Oxidized MWCNT/  

ethylenediamine 

44.19 pH 6.2, Co = 5- 

100mg/L, T= 25˚C 

Vukovic et al. (2011) 

 Oxidized MWCNT 117.64 pH 7, Co=1200mg/L,  Tofighy & Mohammadi 

(2011) 

 oMWCNT/Ppy 26.32 pH 6 Co=10-100mg/L This study 

Cu(II) HNO3- modified CNT 28.49 pH 5, Co =10mg/L Li et al. (2003a) 

 CNT  26.41 pH 5, Co =5mg/L Li et al. (2010) 

 CNT/calcium alginate  84.88 pH 5, Co =5mg/L Li et al. (2010) 

 As grown CNT 14.4 pH 5.4, Co = 20mg/L Li et al. (2003d) 

 Oxidized CNT 27.6 pH 5.2, Co = 20mg/L Li et al. (2003d) 

 As produced CNT 8.25 pH 6, T = 300K Wu (2007) 

 HNO3- modified CNT 13.87 pH 6, T = 300K Wu (2007) 

 NaOCl –modified CNT 47.39 pH 6, T = 300K Wu (2007) 

 Oxidized MWCNT 64.93 pH 7, Co =1200mg/L,  

T= 298 

Tofighy & Mohammadi 

(2011) 

 oMWCNT/Ppy 24.39 pH 5 Co=10-100mg/L 

T=298 

This study 
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For instance, as shown in Table 14, the CNT oxidized by NaOCl have higher sorption capacity 

than the CNT that was oxidized by HNO3 as shown by Wu (2007). However, in almost all the 

studies, the sorption capacity of the modified CNT is higher compared to that of raw CNT which 

is in concurrence with that observed in this study. Therefore, oMWCNT/Ppy has shown 

considerable removal efficiency for Pb(II) and Cu(II) from aqueous solutions compared to 

individual oMWCNT adsorbent. 

4.2.3 Competitive sorption studies 

The uptake of Pb(II) and Cu(II) by oMWCNT/Ppy in binary system was performed using the 

synthesized composite of oMWCNT/Ppy and the result is as shown in Fig. 32.  

   

  

 

 

 

Fig. 32: Sorption of (a) Pb(II) ions and (b) Cu(II) ions onto oMWCNT/Ppy in a single and binary 

metal ion  system 

The sorption of both Pb(II) and Cu(II) onto the composite when in the binary metal ion system 

was found to be significantly lower than the sorption in a single metal ion system. Stafiej & 

Pyrznska (2007) also found that the sorption of Cu2+ by CNT decreased when it is in a binary 

metal system with other metal ions. In another study carried out on both single and competitive 

sorption of Pb2+, Cu2+ and Cd2+ onto CNT, Li et al. (2003a) established that the sorption of these 
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metal ions decreased from 97.08, 28.49 and 10.86 mg L-1 to 27.6, 17.6 and 2.4 mg L-1, 

respectively, in a tertiary metal ion system. 

4.2.4 Studies on the regeneration of the adsorbents 

The sorption-desorption process was pH dependent, with desorption increasing with increase in 

the pH value of the washing solution. The reusability of oMWCNT/Ppy for the removal of Pb(II) 

was maintained above 95% while that for Cu(II) was above 90% of its initial capability, after 

five successive sorption/desorption cycles at pH 2. The percentage reusability for Pb(II) and 

Cu(II) for the first consecutive five cycles were as follows; 97, 97, 97, 96, 96 and 95, 93, 93, 92, 

91, respectively as shown in Fig 33. This indicates that the oMWCNT/Ppy adsorbent can be 

reused or regenerated up to five times with a loss of about 10% of its initial sorption capacity. In 

a related study, on the repeated availability of MWCNTs/iron oxide/βCDs for Pb(II) ions 

sorption-desorption cycles, the composite was found to have lost about 5% of its sorption 

efficiency after five cycles Hu et al. (2010). Similarly, Vukovic et al. (2011) reported that 

desorption of Pb2+ from MWCNT and composites after using five times was above 90%. The 

adsorbents; pristine, ethylenediamine and diethylenetriamine modified multi-walled carbon 

nanotubes (raw-MWCNT, e-MWCNT and d-MWCNT) exhibited 98.5%, 96.7% and 97.4% 

desorption deficiency at pH 1.5 

 

  

 

Fig 33: The reusability of oMWCNT/Ppy in five cycles 
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CHAPTER 5 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

5.1 Summary   

GO-mβCD has been prepared and the characterization using FTIR, Raman spectroscopy, XRD 

and SEM showed that mβCD was successfully attached to GO. The sorption equilibrium and 

kinetics of the adsorbents were well described by Langmuir isotherm and pseudo second order 

models, respectively. The maximum Pb(II) sorption capacity of GO-mβCD (at pH=6 and room 

temperature) was 312.5 mg/g and GO (217.39 mg/g) but maximum Cu(II) sorption capacity for 

GO (90.9 mg/g) and GO-mβCD (83.33 mg/g). This indicates that the mβCD significantly 

(p≤0.05) enhanced the sorption capacity of GO for Pb(II) ions but not for Cu (II) ions. The 

results show that sorption of both Pb(II) decreased slightly when the sorption took place in the 

presence of the other metal ion. The desorption studies show that the adsorbent GO-mβCD can 

be used for five time with non-significant loss of its initial sorption capacity for Pb(II) ions.  

The oMWCNT/Ppy has been synthesized and characterized by SEM, FTIR, Raman spectroscopy 

and TGA showed that oMWCNT/Ppy. The sorption tests considering the influence of pH, 

contact time and initial metal ion concentration reveals that removing Pb(II) and Cu(II) is mainly 

pH and time dependent. The sorption processes conformed to the Langmuir isotherm and 

pseudo-second order kinetic models. The maximum sorption capacity oMWCNT/Ppy was 

determined as 26.32 mg/g and 24.39 mg/g for Pb(II) and Cu(II), respectively. The Ppy, therefore, 

significantly (p≤0.05) improved the sorption capacity of MWCNT for both Pb(II) and Cu(II) 

ions. The optimum pH of solution for sorption of Pb(II) and Cu(II) was 6 and 5 for respectively, 

with the order of metal affinity on the adsorbents being Pb(II) ˃ Cu(II). The competitive studies 

show that the sorption efficiency of the oMWCNT/Ppy composite for both Pb(II) and Cu(II) 

significantly decreases (p≤0.05) in a binary metal ion system compared to a single metal ion 

system. The desorption studies indicate that the composite adsorbent oMWCNT/Ppy can be used 

up to five cycles with minimum loss of its initial sorption capacity.  

5.2 Conclusions 

 This study shows that GO-mβCD nanocomposites can significantly remove Pb(II) ions 

(312.5 mg/g) from aqueous solutions compared to GO (217.39 mg/g) hence it can be 

applied as an adsorbent in wastewater treatment for the removal of Pb(II) ions.  
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 Optimum sorption would be achieved when the solution is at pH 6 and the adsorbent can 

be reused in five sorption/desorption cycles 

 The oMWCNT/Ppy nanocomposites, on the other hand, can be applied in the removal of 

Pb(II) and Cu(II) ions with maximum sorption of 26.32 mg/g and 24.39 mg/g compared 

to oMWCNT with sorption capacity of 17.54 mg/g and 16.95 mg/g, respectively.  

 This can be attained when the solution pH for Pb(II) and Cu(II) ions  is 6 and 5, 

respectively.  

 The adsorbent can be reused in five cycles with minimum loss of its efficiency.  

5.3 Recommendations 

The GO-mβCD composite can be used to sorb Pb(II) ions from wastewater with the maximum 

adsorption capacity achieved at pH 6 at 298 K. 

The oMWCNT/Ppy suitable for adsorption of both Pb(II) and Cu(II) and full potential can be 

achieved at pH 6 and 5 at 298 K, respectively. 

The presence of Cu(II)/Pb(II) in the solution does affect the sorption of the other ion when using 

oMWCNT/Ppy  

Both adsorbents can be reused for up to five consecutive cycles and retain about 90% of their 

initial sorption capacities. 

5.4 Suggestions for future studies 

More of other heavy metal species and these derivatives need to be investigated to come up with 

a wider conclusion on the sorption capacity of these derivatives on various toxicological heavy 

metal species that raise lots of concern in water destined for and after use.  

Further derivatization could be carried out to incorporate magnetic particles to enhance the 

separation of the adsorbents from water after sorption has taken place. 
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APPENDICES 

Appendix 1 

Calibration of AAS instrument for analysis of levels of lead and copper ions.                       
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