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Abstract 

Heavy and toxic metals removal from wastewater has never been easy and becoming a major 

concern for environmental and societal health. Among these heavy metals, lead ion (Pb (II)) is 

highly toxic and can cause great environmental pollution and health effects. Removal of the 

Pb (II) from aqueous solutions can be performed by utilizing composite materials. In this 

work, we established composites from kaolinite (K), CoFe2O4 (CF), and graphene oxide (GO) 

for adsorption of the lead ion (Pb (II)).  Initially, a composite of CF-GO was synthesized by 

hydrothermal method using cellulose bio-template extracted from false banana. The weight 

ratio of GO was varied from 0.20 –0.30, i.e., (1-x) CF/(x)GO (x =0.20, 0.25, 0.30). The 

sample with x = 0.30, i.e., CF-0.3GO exhibited a better adsorption capacity of about 23.6 mg 

g-1 from the binary composite samples at the initial Pb concentration of 50 mg L-1. Then, the 

contact time and adsorbent dosage of CF-0.3GO were optimized with the corresponding 

results of 90 min and 1.2 g L-1, respectively. A ternary composite was formulated from the 

sample of CF-0.3GO and Kaolinite (K) with the nominal composition of (1-y)K/(y)(CF-

0.3GO), where y = 0.30, 0.45, 0.60, and 0.75. Among the ternary composites, the sample with 

a composition of 0.25K/0.75(CF0-0.3GO) showed the best adsorption capacity of about 4.2 

mg g-1 at the initial Pb concentration of 10 mg L-1, and this sample was subsequently selected 

for further studies. The synthesized composites were characterized using powder X-ray 

diffraction (XRD), Scanning electron microscopy (SEM), Fourier transforms infrared 

spectroscopy (FTIR), and Differential thermogravimetric analysis (TGA-DTA), respectively, 

to determine phase purity, the particles morphology, functional groups, and thermal stability 

of samples. Atomic absorption spectroscopy (AAS) was used to determine the adsorption 

capacity of samples. The effect of pH ranging from 2–10 was investigated for the present 

composite. At pH of 4, the adsorption capacity and removal efficiency changed significantly, 

with the corresponding results of 6.62 mg g-1 and 99 %, respectively, and becomes constant. 

Adsorption kinetics were studied for the composite with the composition of (0.25K/0.75[(CF-

0.3GO)]) with a time range from 30–120 min. At around 90 min, an equilibrium was 

established and the kinetic behavior obeyed the Pseudo-second-order adsorption kinetics. 

Finally, the synthesized composite was stable for three-round tests towards the Pb(II) 

removal. Therefore, the results of this study indicate that the composites of 

CoFe2O4/Graphene oxide/Kaolinite could be a 0potential candidate for the removal of Pb (II) 

ions. 

Keywords: CoFe2O4/Graphene oxide/Kaolinite, Adsorption and lead ion.
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CHAPTER ONE 

1. Introduction 

1.1. Background of the Study 

Water is the most essential substance for human beings’ survival although its pollution by 

different pollutants or contaminants brings severe threats to the health of the environment and 

the societies [1]. These contaminants may be released from different sources into water 

bodies. The growth of civilization, population, and industrialization have led to a steady 

worsening in the purity of available water resources [2].  

Processing industries are the main sources of these pollutants [3], among which toxic heavy 

metal ions, organic dyes, particulate matter, and so on. Heavy metal ions such as Lead (Pb), 

Cadmium (Cd), Mercury (Hg), Tin (Sn), Iron (Fe), Manganese (Mn), Copper (Cu), Zinc (Zn), 

Chromium (Cr), Cobalt (Co), Arsenic (As), and Nickel (Ni) can be released from different 

processing industries such as mineral mining, metallurgical plating, batteries, and fertilizer 

plants [4, 5]. Among these different heavy and toxic metal ions Pb, Cd, Hg, and As are highly 

carcinogenic [6].  

Pb (II) is an extremely toxic metal and can cause large-scale environmental pollution and 

health effects in many parts of the world [7]. Generally, human vulnerability to lead is due to 

drinking water. According to the Environmental Protection Agency (EPA) the supreme 

pollutant level goal for lead in drinking water at zero because lead can affect human health 

even at low exposure amounts [8]. Thus, to live in a clean environment and healthy life, the 

removal of Lead from water is crucial. 

There are several techniques to eliminate or minimize the level of these heavy metals such as 

ion exchange, chemical precipitation, electrolysis, membrane separation, solvent extraction, 

and adsorption [9]. Among these methods, adsorption is considered the most effective due to 

its easy operation, low cost, available adsorption materials, and high efficiency. 
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For the adsorption process, different adsorbent materials can be utilized. The adsorption 

materials include: carbon nanotubes (CNTs) [2, 10-12], activated carbon [13-16], clay 

minerals with good adsorbing and ion exchangeability [4], porous nanomaterials [17, 18] 

inorganic nanoparticles [19-21], metal oxides [22-25], clay-based nanocomposites [26-28], 

and graphene oxide [29-31]. 

Clay materials have a low cost and are most abundant so that they are considered efficient 

adsorbent materials. For the adsorption of heavy metals most commonly used clay minerals 

are Kaolinite, Montmorillonite, and Bentonite [32]. To improve the adsorption performance, 

many researchers used modified clay minerals. For instance, montmorillonite and kaolinite 

clay minerals are modified with sulphuric acid to eliminate copper from water [33]. These clay 

minerals do not have magnetic properties that limit the reusability of clays for many cycles of 

operation [34]. Moreover, for adsorption processes, the surface area and pore structure of the 

clays suffer from clogging and need to be improved, for instance, by formulating composites 

with nanoparticles [35]. The reusability issue can be minimized by formulating a composite of 

clay with magnetic spinel ferrites. Among magnetic spinel ferrites, CoFe2O4 has excellent 

physical and chemical stability, high surface area, high saturation magnetization, high 

coercivity, and strong adsorption capacity [36-38]. However, CoFe2O4 magnetic particles have 

agglomeration challenges, which can be minimized by synthesizing the CoFe2O4 using 

cellulose template synthesis. Moreover, the addition of grapheme oxide (GO) may increase the 

surface area of clay and prevent the aggregation of spinel ferrites. [38].  

In this work, we synthesized composites from kaolinite clays and cellulose-template Cobalt 

ferrite (CoFe2O4)/Graphene oxide (GO) for adsorption of lead ions from an aqueous solution. 

Cellulose was extracted from the Ensete ventricosum (false banana). Then the samples were 

characterized by using X-ray diffraction (XRD), Fourier Transform–Infrared spectroscopy 

(FTIR), Scanning electron microscopy (SEM), and thermo-gravimetric analysis-differential 

thermal analysis (TGA-DTA). The adsorption performance of the synthesized composite 

materials was determined by Atomic absorption spectroscopy (AAS).  Parameters such as 

contact time, adsorbent dosage, and solution pH on adsorption of Pb (II) were investigated. 

Adsorption kinetics was also studied to determine the mechanism of adsorption. 
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1.2. Objectives of the study 

1.2.1. General Objective 

Synthesis and characterization of composites from kaolinite clay, Cobalt ferrite (CoFe2O4), 

and Graphene oxide (GO) for adsorption of lead ions from aqueous solution. 

1.2.2. Specific Objectives  

1. Synthesizing graphene oxide using improved hummers method and to extract cellulose 

from false banana 

2. Synthesizing cellulose-templated CoFe2O4-GO (CF-GO) composites using the 

hydrothermal method 

3. Synthesizing composite of kaolinite clay and CF-GO using solution methods, followed 

by materials characterizations 

4. Studying the effects of contact time, adsorbent dosage, and pH of the solution on the 

adsorption capacity and removal efficiency of the composites using atomic absorption 

spectroscopy (AAS) 

5. Studying the kinetics of adsorption to determine the adsorption mechanism 

1.3. Scope of the Study  

This study covers the use of false banana byproducts as a raw material for the extraction of 

cellulose to synthesize cellulose template CoFe2O4/GO. Graphene oxide was synthesized by 

improved hummers method using Graphite powder as astarting material. Consequently, 

formulating ternary composite of CoFe2O4/GO/Kaolinite using locally collected kaolinite clay. 

It is more focused on designing efficient magnetic adsorbents for the adsorption of lead ions 

from an aqueous solution. 

1.4. Significance of the Study 

In our country, different sectors such as industry, pharmaceutical, and agricultural areas are 

highly expanded and improved our society's life. Industrial effluents released from the 

processing industries such as metal plating industries, batteries, tanneries, painting and so can 
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greatly polluting water bodies. In this work, a simple and efficient method is used for the 

synthesis of CoFe2O4/GO/Kaolinite for the adsorption of lead ions from an aqueous solution. 

Lead ion is highly toxic and carcinogenic due to this it can affect various systems in our body. 

Therefore, this study will provide effective materials for the elimination of lead ions.  
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CHAPTER TWO 

2. Literature Review 

In this section, we reviewed water purification methods, adsorption process, and parameters 

that affect the adsorption process. In addition to that, various adsorbents (kaolinite clay, metal 

oxides, clay-based nanocomposites, and graphene oxide) for the removal of heavy metals from 

wastewater with a special focus on recent papers have also been reviewed.  

2.1. Wastewater Purification Techniques  

Various techniques have been used to eliminate heavy metal ions from wastewater like 

chemical precipitation, membrane filtration, ion exchange, chemical coagulation, and 

flocculation, bioremediation, and adsorption [39]. From these methods,  adsorption has been 

commonly considered as a highly efficient technique for the elimination of heavy metals from 

wastewater due to its low cost, effective and cheap operation, easy and various designs, and 

high capacity [40]. Figure 2.1 below illustrates the conventional technology for the removal of 

heavy metals. 
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Figure 2.1. Conventional Technology for Heavy Metal Removal [41]. 

2.2. Adsorption Process 

Adsorption is the deposition and adhesion of ions or molecule species onto a surface [42]. It is 

based on two fundamental parameters; the adsorbent and the adsorbate. The adsorbent is the 

surface at which ions or molecules are adsorbed whereas; the adsorbate is the species that is 

adsorbed. The surface where adsorption occurs is provided by the adsorbent and the species 

adsorbed on the surface is adsorbate (Figure 2.2). 

 

Figure 2.2. Adsorption process scheme adapted from reference [43]. 
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Generally, commercially available adsorbent materials are characterized by high porous 

structure, porous surface areas ranging from 100 to 1200 m2 g-1. Although low bonding energy 

is enough to permit the adsorbent to be regenerated by up-taking the adsorbed species, high 

bonding energy is needed for adsorption to occur [44]. The reverse process is called 

desorption at which the adsorbed species separated from the surface of the adsorbent to the 

liquid phase [4]. For this process differences in pH value, temperature and concentration are 

very important. The adsorbent uptake capacity depends on the adsorption properties such as 

porosity, specific surface area, pore-volume, cation exchange capacity, interaction time, and 

adsorbent dose. 

Adsorption is the most commonly used method for wastewater treatment due to its ease of 

operation and availability, cost-effectiveness, and easy handling [4]. However, the adsorption 

process has its drawbacks such as the absence of accessible adsorbents with high removal 

capacity for very few metal ion concentrations and a certain adsorbent cannot be used for all 

contaminants. Physiochemical parameters can affect the removal efficiency using adsorbents 

such as pH, temperature, contact time, adsorbent dose, initial pollutants concentration, etc. 

[45]. 

2.3. Parameters Affecting Adsorption Process 

2.3.1. Contact Time  

Various parameters influence the adsorption process, among those parameters contact time has 

a significant effect on the adsorption [46]. As the contact time increased the adsorption rate of 

clay minerals also increases, then after the equilibrium time was obtained and the rate will be 

constant. Physical and chemical properties can seriously affect the contact time for the 

adsorption of heavy metals in the wastewater. Mostafa R. et al., [45] studied the Kaolinite 

nanotubes (KNTs) for adsorption of Zn (II), Cd (II), Pb (II), and Cr (VI) as exhibited in Figure 

2.3. In their study, KNTs was exhibited a longer equilibrium time. For instance, the 

equilibration time of Cd (II) and Pb (II) adsorption was 360 min which suggesting that various 

kinds of functional groups require enough time with the adsorbed metal ions to be saturated. 
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Figure 2.3. Effect of contact time on the adsorption properties of KNTs for Zn (II), Cd (II), Pb 

(II), and Cr (VI) ions [45]. 

Based on other parameters such as clay mineral composition, heavy metal type and pH of the 

system, complete removal of heavy metals could take place up to 6 hours [42]. These 

parameters are also responsible for a long period of water treatment. For instance, one research 

observed that adsorption of heavy metal did not take place in the first 21 days of the 

experiment, whereas after 111 days 75% of heavy metals were removed [47]. The high amount 

of active sites on the adsorbent and high concentration of heavy metals could improve the rate 

of adsorption. However, as the time is further increased, the rate of adsorption is slow down 

due to the reduction of available active sites that were filled with heavy metal ions [4, 42]. If 

the reaction is left to goes on, the heavy metal cations begin to move from the outer to the 

inner sites of the clay minerals, resulting in a slower removal rate. Adsorption efficiency 

increases for Cd (II) from 39.12 to 52.31%, for Cu (II) 31.24 to 82.13%, for Ni (II) 13.13 to 

27.36% and Zn (II) is 10.26 to 40.74% as the contact time increases from 15 to 240 min [48]. 

The obtained result suggested that the uptake capacity is higher during the initial stage due to 

the availability of a large number of active sites on the adsorbent. At 45 min of stirring time, 

the maximum removal was obtained and after 180 min, no change in the adsorption efficiency 

due to the occupation of the active site by the metal ions. 

The contact time for the adsorption process was lesser in comparison to the heavy metal 

adsorption process by polyaniline nanocomposite material [49]. It was also observed that 
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physical and chemical properties affect the contact time for the adsorption of heavy metals 

present in the water.  

2.3.2. pH of the Solution 

The pH value plays a crucial role in the adsorption process. Various researchers studied the 

effect of pH on adsorption capacity. Some of these studies are presented in this section. The 

adsorption of Pb (II), Cd II), Ni (II), and Cu (II) in an aqueous solution on raw kaolinite clay 

was investigated [50]. The solution pH showed a serious impact on the adsorption of metal 

ions onto kaolinite clay. As pH of solutions increased, the adsorption of Pb (II), Cd (II), Ni 

(II), and Cu (II) was also increased, for instance, 98% Pb (II) at pH of 6.0, 98% Cu (II) at pH 

of 6.5 can be removed. This is due to the surface of the kaolinite clay become more negatively 

charged and containing a large number of active sites, which enhances the adsorption of the 

positively charged metal ions over an electrostatic force of attraction. 

Ajay Kumar et al., studied the biosorption of heavy metals on activated sludge [48]. They 

suggested that at low pH metal uptake was less and this is because cell walls are closely 

associated with HO groups and access of metal ions to cell walls would be restricted as a 

result of repulsive forces. Metal uptake increased with pH from 3-4, which could be associated 

with ligands with the negative charge being exposed with the subsequent increase in attraction 

sites to positively charged metal ions. Beyond this point, there is not much further increase in 

efficiency until pH 6. After pH 6, the efficiency of the bio-sorption process increased 

drastically due to the formation of metal hydroxides with their respective metal ions. This is 

mostly due to the metal precipitation as hydroxides which depend on the pH and ion 

concentration but not due to the biosorption. It was initially thought that, at higher pH values, 

metals may accumulate inside the cells or cell walls by a mechanism known as combined 

sorption-micro precipitation. The adsorption of Cd (II) ions on natural clay were studied by 

the influence of pH value [51]. Figure 2.4 shows the removal efficiency of Cd (II) ions using 

natural clay as a function of pH. 
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Figure 2.4. pH effect of the adsorption of Cd (II) ions [51]. 

Southichak, B., et al., investigated the biomass of reed consisting of leaves as a biosorbent for 

Cu (II), Cd (II), Ni (II), Pb (II), and Zn (II) removal from aqueous solutions [52]. The effect of 

solution pH upon Cu (II), Cd (II), Ni(II), Pb (II), and Zn (II) removal by reed biomass treated 

with NaOH (RTN) together with its relation to the electrical charge was studied. Initially, the 

pH for 12 h of the adsorption experiments was only 0.2. The maximum adsorption of Pb (II) 

was observed from pH 4, Cu (II) from pH 5, Ni (II) from pH 6, and Zn (II) and Cd (II) from 

pH 7. The percentage of heavy metal removal by reed biosorbent at the optimum pH was over 

80% for all heavy metals. At pH higher than 8, the higher removal efficiency of heavy metal 

could be obtained due to the precipitation phenomenon. They suggested that no precipitation 

of heavy metal was observed in this study probably due to the low concentration of heavy 

metal used. 

The conducting polymer, polypyrrole, Polyaniline, coal fly ash, mixed metal oxide, titanium 

oxide, zinc oxide, and aluminum oxide have been utilized to remove heavy metals from 

wastewater in the pH range from 2-8 [49]. Based on the obtained result at high pH, a high 

adsorption rate of heavy metals was observed. The adsorption characteristic of carbon 

nanotubes is also affected by the concentration of metal concentrations and pH values. The 

highest removal of metal ions from the water medium is observed between the pH value of  6-

8 by the polymeric materials and a value of 4 might be effective for Cr (VI) removal at room 

temperature. 
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2.3.3. Temperature of the Solution 

Temperature plays a major role in the adsorption of heavy metals. Generally, as the 

temperature increases, the rate of adsorbate diffusion across the external boundary layer also 

increased in the internal pores of the adsorbate particles due to liquid viscosity decreases [48]. 

In addition to that, it also affects the equilibrium capacity of the adsorbate depending on 

whether the process is exothermic and endothermic. Figure 2.5 illustrates the relationship 

between the adsorption capacity and temperature for two different materials systems, i.e., 

activated carbon and CoFe2O4 towards Cr (VI) removal. 

 

Figure 2.5. Effect of temperature on Cr (VI) adsorption of activated carbon (AC) and 

CoFe2O4/AC (the initial Cr (VI) concentration of 150 mg L-1 and pH = 2.0)[53]. 

As a whole, it is seen that as the temperature increases the loading capacity for the same initial 

adsorbate concentration decreases. This means that the rate of desorption was more significant 

than the rate of adsorption, which implies that adsorption is an exothermic reaction. S. 

Mustapha et al., [54] were studied raw and beneficiated kaolin to remove heavy metals (Cr 

(VI), Cd (II), and Zn (II)) from tannery wastewater was studied. They observed that, as 

temperature increases, the removal ability of kaolin was also increased; this showed that, the 

adsorptive property was also temperature-dependent.  

2.3.4. Dosage of Adsorbent 

The adsorbent dosage is an important factor in controlling the adsorption rates.  At present, 

there are no specific guidelines on the recommended dosage for efficient adsorption, but it has 

been established that a small dosage of adsorbent is enough to adsorb a reasonable 
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concentration of heavy metals from contaminated media [49]. As adsorbent dosage on the 

biosorption of various increases metal ions, the removal efficiency increases as the sludge 

mass increases due to the increase of binding sites [55]. After some point, sorption capacity 

was steady or decreased with biomass concentration due to a screen effect between cells; this 

produced a block of the cell active sites by an increase of biomass in the system. Removal 

efficiency increases for Cd (II) from 37.61 to 61.11 %, for Cu (II) 23.36 to 50.28 %, for Ni (II) 

12.04 to 27.54 % and Zn (II) is 9.2 to 36.28 % as the mass increases from 0.5g to 3g\(Figure 

2.6) [48]. This difference in adsorption shows that the adsorbent has more affinities towards 

Cd (II) than Cu (II), (Ni (II), and Zn (II) respectively. 

 

Figure 2.6. Effect of adsorbent dosage on the adsorption capacities and percentage removal 

efficiencies of Cu(II) and Ni(II) ions by raw kaolinite and acid-activated kaolinite at pH of 7.0, 

contact time of 60 min, and solution temperature of 25 °C [48]. 

2.3.5. Specific Surface Area (SSA) of the Adsorbent 

The rate of adsorption directly depends on the surface area of the adsorbent, that is, the larger 

the surface area of the adsorbent, the high efficiency of adsorption [56]. The surface area of a 

solid powder adsorbent depends on the size of its particles. Various nanostructured carbon-

based materials such as carbon nanotubes (CNTs), graphene, carbon fibers, etc. are well 

known for their extraordinary adsorption properties [4]. Among these carbon materials, CNTs 

are one of the favorable materials as they have a specific surface area of around 950 m2 g-1. 

Figure 2.7 shows the effect of the SSA of bio-char and the adsorption capacity against 

different heavy metals [57]. For chromium, zinc, and lead, a direct relation was observed 

between surface area and adsorption capacity whereas a positive correlation could not be 

observed for copper and cadmium. 
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Figure 2.7. The effect of surface area on adsorption capacity of biochar to adsorb selected 

heavy metals [57]. 

2.4. Clay Minerals for Adsorption  

Clays are layers of aluminosilicates composed of mixtures of fine-grained clay minerals, 

crystals of other minerals, and metal oxides [58]. Clays have various physical properties such 

as plasticity, shrinkage under fire and air drying, fineness of grain, color after firing, hardness, 

cohesion, etc. Physical properties depend on different parameters that control the behavioral 

pattern of the material. Porosity, saturation, pore fluid conductivity, water content, and clay 

content are important for electrical conductivity. Sedimentation properties of clay depending 

upon porosity, water content, and minerals content of different specific gravity [59].  

2.4.1. Structure of Common Clay Minerals 

Most of the clay minerals are mainly composed of layers containing silica and alumina sheets, 

which belong to the class of layer silicates group [60]. These groups can be subdivided 

according to the type of layer structure. Clays consist of an interconnected silicates sheet 

combined with a second sheet-like grouping of metallic atoms, oxygen, and hydroxyl. The 1:1 

clay minerals type consists of one tetrahedral sheet (Figure 2.8), one octahedral sheet (Fig. 

2.9), layers, and interlayer minerals, which are explained as follows. 
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Figure 2.8. Silica sheets consist of (SiO4)
4- tetrahedra connected at three corners [58]. 

A. Tetrahedral Sheet 

Si (IV) cation is the dominant atom in the tetrahedron sheets; however, Al (III) cation can also 

happen at this site [59]. Substitution of A1(III) for Si (IV) produces an insufficient charge that 

should be balanced in the structure This (SiO4)
-4 tetrahedron is the basic structural unit of all 

silicate minerals. The Si–O bond is said to be a 50% ionic bond. The bond angle between each 

Si–O bond in the tetrahedron is 109.5°. 

B.  Octahedral Sheet 

Different phyllosilicate has not had the same cations in the octahedral [59]. High-charged 

phyllosilicates (example, A1(III)) with relatively in the octahedra, it is necessary that for every 

two octahedra that contain A1(III), there is an empty octahedron.  

 

Figure 2.9. Octahedron consists of central cation (Al (III), Fe (II), Mg (II)) surrounded by 6 

oxygen (or hydroxyls)[58]. 

C.  Layers 

The tetrahedral and octahedral sheets are expansible parts of a phyllosilicate [60]. Thus these 

two sheets must be connected. The lateral dimensions of the two sheets are approximately 

equal so it is possible to join them together. 
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Figure 2.10. A layer structural side views. The octahedral sheet is sandwiched between two 

opposing tetrahedral sheets. Adapted from reference[60] 

The tetrahedral linkages form the tetrahedral sheet, it takes less oxygen to complete the 

linkage than if we had two individual sheets because there is a common junction between the 

two. This common junction is a plane of oxygen and hydroxyls that belongs to both the 

tetrahedral sheet and the octahedral sheet (Figure 2.10). 

D.  Interlayer Materials 

Cations such as Na (I), K (I), Ca (II), or Mg (II) are easy to enter into the interlayer [60]. 

Depending on the nature of the cation, polar H2O molecules can also place on the interlayer. 

For instance, copious amounts of H2O flow into the interlayer with Na, whereas many fewer 

H2O molecules enter the interlayer with Ca (II). As long as there is a huge amount of that 

material in the environment, there is an easy way to replace interlayer cations with other 

materials. For instance, a solution of water including Na (I) on every side of a montmorillonite 

grain will be willingly permitted for Na (I) to interchange for K (I). Hence, these cations are 

frequently said to be exchangeable cations.  

2.4.2. Structure of Kaolinite Clay 

Kaolin is a sedimentary rock that is characterized by lightweight and chalk-like features. The 

principal compositions of kaolin are quartz and mica it also consists of other minerals such as 

feldspar, montmorillonite illite, ilmenite, haematite, anatase, rutile, kyanite, zircon, graphite, 

and attapulgite, etc. in an extremely little quantity [61]. Kaolinite clay composed an alternative 

SiO4 tetrahedral Al (O, OH) 6 octahedral sheets. It has a 1:1 layer structure, Figure 2.11, and 

plate-like morphology. 
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Figure 2.11. Diagrammatic representation of kaolinite structure [62] 

Kaolinite is a type of clay that is mainly formed by the kaolinization process by the 

decomposition of potassium feldspars, granite, and aluminum silicates [61]. It has white or 

greyish-white color. The melting point of kaolinite clay is about 1750 °C. Kaolinite crystal 

system is triclinic which has space group P1, in addition lattice parameters are a = 0.515 nm, b 

= 0.895 nm, c = 0,740 nm, α = 91.68°, β = 104.87°, γ = 89.9°. Its crystal-chemical formula is 

Al4Si4O10 (OH) 8. Its molecular formula is Al2Si2O5 (OH) 4, which contains 39, 8 % alumina, 

46, 3 % silica, and 13,9 % water which represents a two-layer crystal (silicon-oxygen 

tetrahedral layer joined to alumina octahedral layer exist alternately). The molecular weight of 

the structure is -258,071 g mol-1. Kaolinite density is 2.6 g (cm3)-1. The thermal stability of 

kaolinite is highly dependent on the density of defects. The lower density of defects sample is 

more stable whereas at high temperatures the dehydroxylation starts.  
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Figure 2.12. Model diagram of montmorillonite clay structure[63]. 

2.4.3. Montmorillonites (Smectite) Clay Structure 

Montmorillonites (Smectite) consist of an octahedral alumina sheet between two rival 

tetrahedral silica sheets and which have a 2:1 layer structure as exhibited in Figure 2.12. Some 

of the oxygen exists on both tetrahedral sheets as well as an octahedral sheet. In addition to 

that, it has weak bonding between two tetrahedral sheets, water, and exchangeable ions easily 

entered between sheets. This is the main reason for the evolution of swelling capacity. 

Bentonite clay consists of both the crystalline structure of montmorillonite and other 

additional crystalline structures like quartz, volcanic glass, feldspar, organic matter, gypsum, 

etc. [64]. Montmorillonite is the main component of bentonite (70–95%). In tetrahedral 

substitution of cations occurred. When exchangeable interlayer cations (Na (I), Ca (II), Mg 

(II), etc.) are introduced layer charge is compensated [65].  The inner and outer surface of the 

crystal, active sites will be provided. These individualities of montmorillonite structure 

indicate particular properties of bentonite clays, mainly high adsorption ability towards heavy 

metals.  
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2.4.4. Commonly Used Clay Materials for Adsorption 

To enhance the adsorption properties like specific surface area, surface functional group, pore 

volume and size, cation exchange capacity, etc., many researchers have used modified clay 

minerals by treating them with various chemicals [4]. Kaolinite, montmorillonite, and 

bentonite are commonly used clay minerals due to their high specific area, availability, 

stability and structural characteristics, and nontoxicity [4, 54]. In this section commonly used 

clay minerals (kaolinite, montmorillonite, and bentonite) for heavy metal removals by using in 

their raw and modified forms have been conferred.  Here common clay minerals used in the 

raw and modified form for the removal of heavy metal pollutants with their results are 

reviewed by focusing on the most recent researches. 

2.4.4.1. Kaolinite 

Kaolinite is a hydrous aluminum silicate that has a stable chemical structure and superior 

physical properties for the production of ceramics. Several researchers have used raw kaolinite 

and modified kaolinite to investigate the uptake capacity of various heavy metal ions from 

water solutions. The adsorption of Pb(II) ions onto natural kaolinite clay from water kaolinite 

was estimated by Jiang et al., [50]. The adsorption of Pb (II), Cd (II), Ni (II), and Cu (II) in an 

aqueous solution on raw kaolinite clay was investigated through some physicochemical 

parameters (with variable concentration of metal ion, amount of clay, pH, and mixing time. 

However, the solution pH showed a serious impact on the adsorption of metal ions onto 

kaolinite clay. As pH of solutions increased, the adsorption of Pb (II), Cd (II), Ni (II), and Cu 

(II) was also increased, for instance, 98% Pb (II) at pH of 6.0, 98% Cu (II) at pH of 6.5 can be 

removed. This is due to the surface of the kaolinite clay become more negatively charged and 

containing a large number of active sites, which enhances the adsorption of the positively 

charged metal ions over the electrostatic force of attraction [66]. Kaolinite clay was utilized 

for up-taking metal ions from wastewater like Pb (II), where its composition was decreased 

from 160.0 to 8.0 mg L-1. 

S. Mustapha et al., [54] used the raw and beneficiated kaolin to remove heavy metals (sulfate, 

chromium, cadmium, and zinc) from tannery wastewater. The beneficiated kaolin sample was 

used to remove the unwanted mineral to improve the adsorption capacity of raw kaolin. The 



19 
 

beneficiation process was done by the wet/soaking method. The beneficiated kaolin showed a 

reduction of Fe percentage and the existence of K in the raw kaolin. These results suggested 

that there is a tendency of cations exchange between exchangeable cations in the kaolin 

samples and metal ions in solution, these enhancing adsorption and removal capacity of the 

metal ion by the kaolinite samples. As temperature increases the removal ability of kaolin was 

also increased, this showed that adsorptive properties were also temperature-dependent. From 

this, we can understand that beneficiated kaolin is an effective and low-cost adsorbent to 

remove contaminants from tannery wastewater. 

Mostafa R. et al., [45] synthesized the Kaolinite nanotubes (KNTs) from the raw kaolinite by 

the method of ultrasonic scrolling for adsorption of Zn (II), Cd (II), Pb (II), and Cr (VI). This 

conversion enhanced the pore volume and surface area in comparison with the raw kaolinite.  

By using these KNTs for Cd (II), Zn (II), Cr (VI), and Pb (II) they obtained removal capacity 

of 116 mg g-1, 103 mg g-1, 91 mg g-1, and 89 mg g-1 respectively. These values are higher than 

various kaolinite and CNTs based adsorbents. In this study KNTs exhibit longer equilibrium 

time, for instance, the equilibration time of Cd  (II) and Pb (II) adsorption was 360 min, these 

suggested that various kinds of functional groups need enough time with the adsorbed metal 

ions to be saturated, and also there is an existence of high adsorption sites on the surface of 

KNTs. Recyclability of these KNTs is also possible. It can be used about five times for the 

removal of heavy metal ions; however, the percentage of removal is decreased by a certain 

amount during repeating. So that, modification of kaolinite sheet into KNTs could provide 

outstanding adsorption properties. This paper also suggested that the adsorption ability of 

KNTs than that of CNTs consequently, KNTs with different modifications could provide 

better adsorption properties as well as can be used practically for tap, ground, and sewage 

water from several contaminants.  

Lertcumfu, N., et al., [67] investigated the adsorption properties of composite by the additive 

of graphene oxide onto a kaolin-based geopolymer. Geopolymers are inorganic polymers that 

can synthesize by the chemical reaction between an alkaline solution and aluminosilicate 

minerals (kaolin in this case).  They were synthesized graphene oxide by Hummer’s method. 

They modified the raw kaolin into metakaolin (MK) by heating the kaolin at 750 °C for 3 h. 

then they produced the composite precursor via the geo-polymerization process. The impact of 
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adding grapheme oxide (0–10 wt. %) to the geopolymer on the adsorptive properties was also 

investigated. From the adsorption study, the addition of graphene oxide enhanced the uptake 

capacity i.e., 65 % at 10 wt. % of GO for Cr (VI) after adsorption equilibrium is achieved. 

This is due to the high surface area and several oxygen functional groups like hydroxyl and 

carboxyl groups of graphene oxide. Consequently, the GP-GO composite has the capability for 

wastewater remediation applications. 

2.4.4.2. Montmorillonite 

Montmorillonite clay is used for adsorption by various researchers in raw or modified form. 

By focusing on the current researches this section tries to review some papers related to this 

area. Adsorption of arsenate and arsenite from aqueous solutions using Ti pillared 

montmorillonite (Ti-MMT) was studied [68] by varying such parameters as contact time, pH, 

and temperature. The obtained result suggested that adsorption of both arsenate and arsenite 

were temperature and pH-dependent and also it was noticed that Ti-pillared montmorillonite is 

an effective adsorbent material for the elimination of these heavy metal ions.  

Ghorbanzadeh et al., [69] also investigated the removal of arsenate and arsenite by adsorption 

on montmorillonite in streams media. They obtained adsorption rates of 99.5% for arsenate 

and 68.2% for arsenite, based on that they stated that this clay mineral is an efficient adsorbent 

for heavy metals. Montmorillonite clay utilized as an efficient adsorbent to adsorb La and Yb 

species was investigated by Alshameri et al. [70]. 

 N.D. Mu’azu et al., [82] were studied the effect of montmorillonite with different content in a 

natural clay mineral on the sorption properties for the removal of Cu (II) and Ni (II) from 

water. To investigate this they used various physiochemical parameters such as contact time, 

the mass of adsorbent, pH, and initial metal concentration. The composition of clay was 

mainly kaolinite and muscovite with a small amount of quartz, whereas the bentonite was 

contained a high amount of montmorillonite with a surface area of 20.83 and 44.27 m2 g-1 

respectively.  As the content of montmorillonite content increased in the clay the uptake 

capacity for Ni (II) adsorption was increased whereas decreased for Cu (II) removal. 

Montmorillonite content was also showed a series effect on the equilibrium time. As this 

content increased the time was also increased and a higher equilibrium time was obtained for 
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the case of natural clay than the bentonite. The optimum uptake capacity for Cu (II) and Ni (II) 

was 16.38 and 8.66 mg g-1 respectively. The obtained results indicated that the utilization of 

various mineralogical components in clay adsorbents is can influence the sorption of heavy 

metal ions from water as well as the composition of montmorillonite content in clay highly to 

control different metal ions removal from aqueous solution. 

 2.4.4.3. Bentonite  

Bentonite clay in raw and modified form is studied by various researchers. D. Kurnosov et al., 

[71] produced modified bentonite clay by multiwall carbon nanotubes (MWCNTs) to obtain 

efficient adsorption material. This composite material was produced by immersing the raw 

clay with a catalyst solution subsequently by heat treatment. The MWCNTs were synthesized 

by chemical vapor deposition (CVD) under pilot production conditions. The removal capacity 

of the modified nano adsorbent was studied in comparison with the raw bentonite. The 

nanocomposite can be reduced the equilibrium adsorption time than that of the natural 

bentonite i.e. the nano adsorbent is saturated within 100-300 min; while in the case of the raw 

adsorbent saturated time was 400-1200 min. This suggested that modification of the structure 

of the bentonite clay with the MWCNTs could enhance the uptake capacity and reduce the 

equilibrium times for the removal of heavy metals.  

 

S. Kakaei et al., [72] investigated bentonite clay was modified with imidazole and 

imidazolium groups for the removal of Co (II), Cu (II, and Pb (II). They observed the 

modification of bentonite by imidazole could enhance the uptake of heavy metals from 

wastewater. Table 2.1 summarizes the adsorption of heavy metal ions by using clay-based 

materials.
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Table 2. 1. Application of clay-based materials for the removal of heavy metal ions. 

From the kinetics study, the modified bentonite by imidazole showed higher uptake capacity 

and adsorption efficiency in comparison with the raw bentonite and modified bentonite by 

imidazolium. It is indicated that at pH 5 the highest amount of metal was adsorbed. The 

adsorption efficiency was also higher in the case of modified bentonite by imidazoline.  

R.R. Pawar et al., [81] studied the uptake of toxic heavy metal ions i.e. Cu (II) and Pb (II) by 

fabricating activated bentonite-alginate (ABn-AG) composite beads. ABn-AG was produced 

by the ionic gelation method. At higher acidic conditions 58% of Cu (II) and 77%  of  Pb (II) 

S/N Raw materials  Modifying  agent Type of metal(s) 

removed 

Adsorption 

capacity in 

(mg/g) 

Ref.  

 Kaolinite 

nanotubes(KNTs) 

 Zinc(II) 

Cadmium(II) 

Lead(II) 

Chromium(VI)  

103  

116  

89  

 91  

[73] 

1.  Kaolinite   Hydrochloric acid 

 

Acetic acid 

 

Chromium(VI)  

Iron(III)  

Chromium(VI) 

Iron(III) 

18.15  

39.80  

10.42 

19.34 

[74] 

2.  Kaolinite  Zirconium oxychloride  Iron(III) 

Cobalt(II) 

Nickel(II) 

9.7 

9.6 

8.8 

[75] 

3.  Kaolinite Raw  

Manganese oxide  

Cadmium(II) 

Cadmium(II) 

14.11  

36.47 

[76] 

4.  Kaolinite Raw  

Sodium tetraborate 

Raw  

Sodium tetraborate 

Lead(II) 

Lead(II) 

Cadmium(II) 

Cadmium(II) 

16.16 

42.92 

10.75 

44.05 

[77] 

5.  Montmorillonite  Zirconium oxychloride  Iron(III) 

Cobalt(II) 

Nickel(II) 

23.8 

22.8 

22.0 

[75] 

6.  Montmorillonite Raw 

Histidine 

Raw 

Histidine 

Lead(II) 

Lead(II) 

Copper(II) 

Copper(II) 

89.08  

23.93  

107.73  

30.72  

[78] 

7.  Montmorillonite Tourmaline  Lead(II) 303.21 [79] 

 Bentonite  

 

Bencylhexadecyldimethyl 

ammonium chloride 

Copper(II) 

Zinc(II) 

50.76  

35.21  

[80] 
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were detached at pH 2. The optimum sorption capacity for Cu (II) and Pb (II) was about 17.3 

mg g-1 and 107.52 mg g-1 respectively. The presence of various sites in the ABn-AG 

composite allows the adsorption of both Cu (II) and Pb (II). The removal efficiency of Cu (II) 

and Pb(II) was decreased only by 10% during the reusability test; these suggested that reusing 

of ABn-AG is practicable with a negligible decrease in uptake ability. After using these 

composite beads for the application of adsorption separation and recovery were also possible 

by varying some physicochemical parameters.  

Although the existence of background electrolytes like CaCl2, MgCl2, NaCl, and KCl did not 

cause serious influence on the sorption of Pb (II), Cu (II) removal was constrained by the 

presence of CaCl2.  Consequently, their investigation indicated that ABn-AG composite beads 

could be employed as an effective and economical adsorbent for the uptake of Cu (II) and Pb 

(II) from wastewater. 

2.5. Spinel Structured Ferrites (MF2O4) 

Spinel ferrites with MFe2O4 formula (M = Fe (II), Mn (II), Co (II), Zn (II), etc.) are a group of 

metal magnetic nanoparticles. These materials are widely used as efficient adsorbent materials 

to remove heavy metal ions due to their magnetic features and easy separation [1]. Figure 2.13  

shows the schematic unit cell structure of CoFe2O4.  

Many researchers focused on spinel ferrites due to their outstanding properties, some of the 

researches are presented in this section. The removal of zinc from an aqueous medium was 

investigated by using MnFe2O4 and CoFe2O4 spinel ferrites nanoparticles.  MnFe2O4 and 

CoFe2O4 spinel ferrites were synthesized by the co-precipitation method.  The effects of initial 

pH, contact time, metal ion concentration, and temperature on Zn (II) adsorption were also 

studied. The maximum adsorption capacity was 454.5 and 384.6 mg g-1 for MnFe2O4 and 

CoFe2O4 at pH 6 respectively. Also, the reusability and the desorption capability of adsorbents 

were investigated [1]. 

The adsorption capacity of different MFe2O4 (M=Mn, Fe, Co, Ni) ferrite nanocrystals was 

compared. The nanoparticles were synthesized by the hydrothermal method. They suggested 

that the distribution of MFe2O4 cations of ferrites is the most essential factor for adsorption 
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capacity. The ferromagnetic behavior of MFe2O4 nanoparticles allowed the high-efficient 

magnetic separation from wastewater. Based on the result, CoFe2O4 nanocrystals exhibit a 

higher saturation magnetization of 86.1emu g−1 as well as outstanding adsorption capacity. 

The obtained result showed the maximum adsorption capacity of CoFe2O4 for CR is 244.5 mg 

g-1.  

Santhosh C., et al., synthesized magnetic cobalt and nickel ferrites (CoFe2O4 & NiFe2O4) with 

graphene nanocomposites (CoFe2O4–G & NiFe2O4–G) via a solvothermal process [38]. The 

composite was used as an adsorbent for the removal of lead and cadmium ions from an 

aqueous solution. The effect of various parameters like contact time, adsorbent dose, solution 

pH, and temperature was studied. The maximum adsorption equilibrium for the Pb(II) was 

about 142 and 111mg g-1 at pH of 5 for CoFe2O4–G & NiFe2O4–G respectively. Whereas for 

Cd (II) it was about 105 and 74 mg g−1 at a pH of 7. Based on the obtained result, they 

suggested that this material can be used for efficient adsorption.  

Vazquez-Olmos, A.R., et al., [82] investigated the adsorption of Pb(II) from aqueous solution 

by using MFe2O4 nanoparticles (M = Co, Ni, and Zn). Nanoferrite samples were prepared via 

the mechanochemical method and were used for the preparation of nano ferrites. At room 

temperature, NiFe2O4 and ZnFe2O4 samples showed superparamagnetic behavior. Table 2.2 

shows some applications of MFe2O4 for the adsorption of heavy metal ions. 

 

 

Figure 2.13. The unit cell structure of cobalt ferrite (CoFe2O4) [83] 



25 
 

Table 2. 2. Application of MFe2O4 for adsorption of heavy metal ions. 

 

2.6. Clay-Based Nanocomposites for Adsorption 

Nano-composites materials are formed by the nanoscale dispersion of nanoparticles in matrix-

like clay to improve the material properties [4].  Clay-based nanocomposites offer good 

advantages such as high ion sorption capacity, high specific surface area, low cost, and 

chemical stability. Various researchers focused on clay-based nanocomposites for the removal 

of different heavy metals from water and they found that the adsorption efficiency is 

influenced by several parameters such as dosage of adsorbent, pH, temperature, and initial 

concentration, etc.  

S/N Raw materials  Modifying  

agent 

Type of metal(s) 

removed 

Adsorption 

capacity in 

(mg/g) 

Ref.  

1.  MnFe2O4 

CoFe2O4  

 Zinc(VI)  

Zinc(VI) 

454.5  

384.6 

[1] 

2.  CoFe2O4 

Fe2O3 

Co3O4 

 Lead(III) 326.79 

140.84 

284.90 

[84] 

3.  CoFe2O4 Chitosan  Cadmium(II)  

Lead(II) 

 

71.53   

151.06 

 

[85] 

4.  bentonite/CoFe2O4  MnO2 Cadmium(II)  115.79 [86] 

5.  CoFe2O4 Cetyltrimethylamm

onium  bromide  

Lead(II) 32.11 [87] 

6.  MnFe2O4  Chitosan Copper(II) 

Chromium(III) 

22.6 

15.4 

[88] 

7.  TEPA-GO/MnFe2O4 Carbon  Lead(II) 263.2 [89] 

8.  neem 

leaves/MnFe2O4 

Corynebacterium 

glutamicum 

Arsenic(III) 

Arsenic(V) 

343.54 

550.67 

[90] 

9.  ZnFe2O4 NH2-SiO2 Lead(II) 267.2 [91] 

10.  Ce3+ doped ZnFe2O4  Chromium(VI)  57.24 [92] 

11.  Bentonite/CoFe2O4/

Hydroxyapatite 

 Lead(II) 67.1  [93] 
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Hydroxyapatite-bentonite clay nanocellulose (CHA-BENT-NCC) composite material was 

synthesized as an efficient adsorbent for the removal of Ni (II), Cd (II), and (PO4)
-3 from 

aqueous solutions [94]. The effect of pH, contact time, temperature, and initial adsorbate 

concentration were studied to improve the removal capacity. The maximum adsorption 

capacity for Ni (II), Cd (II), and (PO4)
3- was estimated to be 29.46 mmol g-1, 10.34  mmol g-1, 

and 4.90 mmol g-1, respectively. Five adsorption-desorption cycles were performed without a 

significant decrease in adsorption capacities. The obtained result suggested that CHA-BENT-

NCC material is a very effective adsorption material for the treatment of mining water. 

Chitosan-clay nanocomposite was studied to remove Cd (II) and Cr (III) the obtained 

maximum sorption capacity was 72.31 mg g-1 on and 0.25 mg g-1 respectively. Bentonite-

nZVI nanocomposite has also used an adsorbent for Cr (VI) removal the maximum uptake 

ability was found to be 296 mg g-1. Humic acid-immobilized-amine modified polyacrylamide-

bentonite (HA-Am-PAA-B) was also used as an adsorbent for Cu (II) removal by various 

researchers. From those results, the maximum removal efficiency was 106.2 mg g-1. This 

capacity was obtained by changing the pH value from 6.2 to 5. The HA-AmPAA-bentonite 

nanocomposite was also used as an adsorbent for Zn (II) and Co (II) and the maximum 

removal capacity was 96.1 mg g-1 and 52.9 mg g-1 respectively [4].  

The pH of a given solution can highly influence the adsorption process and capacity. It 

controls many important aspects such as the surface layer charge of the clay and the exchange 

capacity. Generally, the removal of heavy metals by the clay and clay-based nanocomposites 

initially increases with pH followed by a reduction until certain such a cut-off value of pH. 

The adsorption process is also temperature-dependent. Temperature can control the adsorption 

capacity of heavy metals onto clays and their nanocomposites [95]. 

2.7. Graphene Oxide 

Graphene oxide (GO) is a carbon family material. These are single-layer graphene nano 

plastics connected by oxygen-containing functional groups. This material can be synthesized 

by a variety of methods, such as chemical oxidation or graphite exfoliation [96]. GO has many 

excellent properties, such as high specific surface area, high electrical conductivity, and 

thermal conductivity [97]. It also contains functional groups such as epoxy, hydroxyl, 

carbonyl, and carboxyl groups, these oxygen groups on the surface of GO ensure the 



27 
 

hydrophilicity and negative charge density of the surface, which is very useful for removing 

contaminants [98]. In the past, functionalized graphene was used to remove heavy metal ions 

[29] like lead and cadmium ions [38]. The adsorption affinity of GO for many metal ions is 

very high and varies with the type of heavy metal ions. The affinity of GO for Cu (II), Zn (II), 

Cd (II), and Pb (II) corresponds to Pb (II) Cu (II) ≫ Cd (II) Zn (II) [99]. This sequence is in 

good agreement with the electronegativity of the metal and the first stability constant of the 

corresponding metal hydroxide [100]. Figure 2.14 (a) and (b) show the structure of GO and its 

interaction with heavy metal cations, respectively. 

 

Figure 2.14. Structure of GO (a) and its interaction with heavy metal cations (b) [101]. 

The attraction of heavy metal ions to the negatively charged GO surface is stronger. In 

addition, the formation of complexes between heavy metal substances and surface oxygen-

containing functional groups (such as -OH and -COOH) is also a possible adsorption method, 

and the morphology of heavy metal particles is determined by the stability constant GO is a 

suitable choice for modifying other absorbents (such as montmorillonite) [102]. 

The electrostatic attraction between the positively charged heavy metal ions and negatively 

charged GO sheets provides a driving force for the adsorption. Ion exchange reaction between 

heavy metal ions and the proton on –COOH or –OH oxygenous functional groups is one 

mechanism for the adsorption. The proton on –COOH or –OH was released to the solution in 

the adsorption process, leading to a lower equilibrium solution pH than the initial value [103, 

104]. Surface complexation between heavy metal ions and surface oxygenous functional 

groups had been confirmed to play a dominant role in the adsorption of Pb(II) on GO [30]. 

The oxygenous functional groups located at the edges of GO sheets mainly participated in the 

complexation of Pb(II), and the Pb(II) bridged different GO sheets by simultaneously bonding 

https://www.sciencedirect.com/topics/chemistry/metal-ion
https://www.sciencedirect.com/topics/chemistry/metal-ion
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the hydroxyl or carboxyl groups at the edges [105]. The dispersibility of nano-sized GO makes 

it difficult to separate from water by using conventional separation methods (such as 

precipitation, filtration, and centrifugation). It has been proposed to add magnetic 

nanoparticles to GO and its compounds to easily separate solids from liquids under the 

influence of external magnetic fields [38, 101]. 

Even though Kaolinite clay is an efficient and available adsorbent for the elimination of heavy 

metal ions these adsorbent does not have magnetic properties. This leads to a limitation for 

reusability for many cycles of operation. To improve the recyclability of kaolinite, magnetic 

particles (CoFe2O4)  can be added to the Kaolinite clay due to the easy separation of their 

composites by applying an external magnetic field. However, CoFe2O4 has agglomeration 

challenges, which can be minimized by synthesizing the magnetic spinel ferrites using a 

cellulose template and through the addition of graphene oxide (GO). To the best of our 

knowledge, there is no report on the synthesis of cellulose template CoFe2O4/Graphene oxide 

using Ensete ventricosum as a cellulose source, and composites of ternary CoFe2O4/Graphene 

oxide/Kaolinite for adsorption of lead ion is not done before this research. In addition, locally 

collected kaolinite clay was not used previously for any research. Generally, this research is 

done to contribute to the fulfillment of the above gaps i.e. reusability of kaolinite clay and 

agglomeration of CoFe2O4 particles for enhanced adsorption activity. 

 



29 
 

CHAPTER THREE 

3. Materials, Chemicals, and Methods 

3.1. Materials and Chemicals 

For this work, analytical grade chemicals such as ferric nitrate nonahydrate (Fe(NO3)3.9H2O), 

cobalt nitrate hydrate (Co(NO3)2.6H2O, sodium hydroxide (NaOH), graphite powder, 

potassium permanganate (KMnO4), sulfuric acid (H2SO4), phosphoric acid (H3PO4), 

hydrochloric acid (HCl), formic acid (CH2O2), acetic acid (CH₃ COOH), N, N-

dimethylformamide (DMF), hydrogen peroxide (H2O2), distilled water, and ethanol were used. 

The clay was collected from Wollega, Ethiopia. In addition, the false banana by-product was 

collected from Adama City, Ethiopia. 

3.2. Methods 

3.2.1. Pretreatment of Clay 

The collected clay (Figure 3.1a) was washed via distilled water (DH2O) and dried in an oven 

at 90 °C overnight. After that, the dried clay powder was subjected to pass a 75 mesh sieve to 

obtain a fine powder (Figure 3.1b). 

                                                         

    

 

Figure 3.1. (a) collected clay and (b) pretreated clay. 

3.2.2. Cellulose Extraction 

The false banana byproduct was washed to remove dust, dried in an oven at 80 °C, cut, and 

then treated with extraction solvents in three stages [106, 107] as described below.  

a) b) 
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3.2.2.1. Alkaline Pretreatment (Stage I) 

First, the false banana byproduct was boiled with 2% NaOH (1:40) w/v for 2 h to remove the 

remaining dust. Alkaline pretreatment was conducted in 3.0 L 5% NaOH solutions in a 1:10 

(w/v) solid to liquid ratio of dry material on a hot plate at 90 °C for 1.5 h. Residues of the 

byproduct were filtered and washed continuously with hot distilled water. 

3.2.2.2. Formic Acid, Acetic Acid, and Hydrogen Peroxide Treatment (Stage II) 

The pulps were further treated with a mixture of 20% formic acid (FA)/20% acetic acid 

(AA)/7.5% H2O2 (2:1:2) solution on the hotplate at 90 °C for 1.5 h, at a byproduct to liquor 

ratio of 1:10. Finally, the delignified pulps were filtered to separate the cooking liquor (which 

contains lignin and hemicellulose) from cellulose and washed with hot water. Figure 3.2 

shows the overall procedures for extracting cellulose from false bananas.  

 

 

 

 

 

 

 

 

   

Figure 3.2. The diagram of procedures for extracting celluloses from false banana 

3.2.2.3. Bleaching (Stage III) 

 

Washed and 

dried  

 

 

5% NaOH (1:10) W/V 

boiled for 1:30hr 
20%FA, 20%AA, and 

7.5% H
2
O

2
 (2:1:2) 

 

7.5%H2O2,  

4%NaoH  

 

Dried in oven 

(90ºc) for 24h 

 and grained 
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Bleaching was done by treating the pulps with 7.5% H2O2 in alkaline media of 4% and 10% 

NaOH solutions at 1:10 fiber ratio separately, first at room temperature for 30 min, then on a 

water bath at 70 °C for 30 min. Finally, the pulps were washed repeatedly with hot distilled 

water to remove residual lignin and dried in an oven at 60 °C until a constant weight was 

achieved.  

3.2.3. Synthesis of Graphene Oxide (GO) 

Graphene oxide (GO) was synthesized from graphite powder via an improved method, as 

shown in Figure 3.3 [108]. The first stage involves using KMnO4 as the oxidizing agent to 

oxidize graphite. For this purpose, 360 ml H2SO4 and 40 ml H3PO4 are introduced into an 

Erlenmeyer flask under constant and vigorous stirring. Then slowly about 9 g KMnO4 and 3 g 

graphite (3:1) were added to the H2SO4/H3PO4 mixture by keeping the reaction mixture at 50 

°C for 12 hours.  

 

 

 

 

       

Figure 3.3. schematic procedure for the improved synthesis of graphene oxide (GO) 

After the oxidation step, the resulting mixture was kept overnight in a beaker containing 400 g 

of ice flakes and 3 ml of H2O2 to stop the reaction of KMnO4. The sample was centrifuged 

twice with deionized water (200 ml), HCl (200 ml), and ethanol (200 ml) to remove the 

 

Mix H2SO4/H3PO4 

(360:40 mL) 

 

9 g KMnO4 

 

3 g graphite 

powder 

12 hours reaction 

time at 50 °C 

Cooled to 

room  
Temprature 

 

 
400 mL ice 

containing 30% 
H2O2 (3 mL)  

poured onto ice  

 
The reaction  

stopped 

Color changes 

     to yellow 

 

Washed by DH2O,  

ethanol, and HCl 

Dried at 100 °C 

overnight and  
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supernatant from graphene. Finally, the compacted cake was dried in an oven at 100 °C 

overnight. 

3.2.4. Synthesis of Composites 

Initially, binary composite (cellulose templated CF-GO) was synthesized by varying the 

weight percentage of GO, followed by ternary composite synthesis, which was formulated 

from kaolinite clay and the different weight ratios of CoFe2O4-0.3GO (CF-0.3GO). 

        3.2.4.1. Synthesis of Cellulose Templated CF-GO 

CF-GO composite with different graphene content (20, 25, and 30 wt %) was synthesized by 

the hydrothermal method with some modification [109]. A measured amount of graphene 

oxide powder was added into 50 ml distilled water and 0.4 g cellulose into 25 ml distilled 

water in separate beakers and sonicated ultrasonically for 30 min to disperse the powders 

uniformly. The cellulose solution was poured into the GO solution followed by stirring for 30 

min to form a homogenized solution. Then the appropriate amount of Fe (NO3)3.9H2O and Co 

(NO3)2.6H2O in a 2:1 ratio was added to the sonicated solution, followed by stirring for 60 min 

at room temperature. After that, 2M NaOH solution was dropped to the solution under 

constant stirring to adjust the pH around 10 then stirring for 10 min. The resulting mixture was 

transferred into a 100 mL Teflon-lined stainless autoclave and heated to 180 ºC for 12 h. The 

reaction mixture was allowed to cool to room temperature and the precipitate was centrifuged 

and washed with distilled water and ethanol several times. Finally, the solution was dried in an 

oven at 80 ºC for 12 h and then calcined at 400 ºC for 3 hours in a muffle furnace. For 

comparison, the same method was used to synthesize cellulose templated CoFe2O4 without 

adding GO.  

          3.2.4.2. Formulating Composites from Kaolinite Clay and Cofe2O4-GO Composite 

After the synthesis of CF-GO, we formulated composite materials with kaolinite clay.  First, 

the measured amount of kaolinite powder and different weight percent of CF-0.3GO (30, 45, 

60, and 75 wt%) was dispersed by sonicating in 40 ml of  N, N-Dimethylformamide in 

separate beakers for 30 min. Then uniform dispersion was obtained. After that CF-0.3GO 

solutions were transferred into kaolinite solution followed by sonication again for another 30 
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min. Then the solution was stirred for 3 h at room temperature to form a homogenized 

solution. Then, the obtained precipitate was centrifuged and washed with distilled water and 

ethanol several times. Finally, the prepared CF/GO/Kaolinite composite was dried at a 

temperature of 80 °C for 12 hrs. 

3.3. Characterizations 

The phase purity of adsorbents was examined using x-ray powder diffraction (XRD-700, 

Shimadzu, South Korea) using copper Kα radiation (λCuKa = 1.5418 Å), a scan speed of 4.0 

deg/min, 40 kV, 30 mA, and a 2-θ scanning range from 4–80°. FTIR was used to identify 

functional groups from a wave number of 400–4000 cm-1 (FT/IR-4000 series, JASCO), and 

the thermal stability of the samples was investigated in a temperature range from 23 °C to 

1000 °C using TGA-DTA (DTG-60H, Shimadzu, South Korea), and SEM (COXIEM-30, 

Shimadzu, South Korea). The adsorption capacity of the samples towards Pb (II) ion was 

examined using an AAS (ZEEnit 700P, Atomic Flame Mode, Analytik Jena). 

3.4. Adsorption Performance Measurement 

Lead standard solution, 1,000 mg L-1 Pb (II) in a diluted nitric acid standard for AAS (AVS 

TITRINORM) was used for adsorption study. Then a series of adsorption tests were carried 

out under typical equilibrium conditions. To select the best sample from the synthesized 

binary composites 4.5 mg adsorbents were added to a 50 mg L-1 concentration of 15 ml of Pb 

(II) solution in separate beakers. Then the samples were sonicated for 10 min, followed by 

stirring for 150 min. Effect of contact time was studied for the binary samples by adjusting the 

time from 30-90 min. In addition, adsorbent dosage for the binary samples was optimized by 

varying doses from 0.6-2.1 g L-1. For the ternary composites, 22.5 mg adsorbent was used for 

10 mg L-1 concentration of 15 mL Pb (II) solution. Effect of pH was also investigated by 

adjusting the pH values between the ranges 2-10 by adding 0.1 M NaOH and 0.1 M H2SO4. 

Kinetic studies were performed by adjusting the time from 30-120 min. Reusability of an 

adsorbent had been done by separating the adsorbents magnetically from the solution and 

washed several times by distilled water. Then allow to drying in an oven at 90°C for 3 h to 

reuse the adsorbent powder.  
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CHAPTER FOUR 

4. Results and Discussions 

4.1. Phase Purity Analysis 

The XRD patterns of materials made of graphene oxide, CoFe2O4, and CoFe2O4-GO with 

different graphene content are shown in Figures 4.1. The diffraction pattern of graphene oxide 

shows a strong peak at 2θ = 11.3° (d-spacing of 7.76 Å) corresponds to the (001) plane which 

confirms the success in the GO synthesis [110]. It can be seen that the diffraction peaks of 

almost all CoFe2O4 with different graphene content can be traced back to spinel-like CoFe2O4 

(JCPDS 022-1086).  

The diffraction peaks at 2θ values of 18.3, 30.0, 35.4, 43.1, 53.5, 56.3, and 62.4, 71.1, 74.0, 

and 75.2 can be assigned to the crystal planes (111), (220), (311), (400), (422), (511), (440), 

(622), (533), and (620) of spinel CoFe2O4, respectively [111, 112]. Graphene (002) or GO 

(001) patterns are not observed in CF-GO. This can be explained by the reduction of GO to 

graphene during the hydrothermal and calcination process[109].  

 

Figure 4.1. XRD pattern of, from bottom to top, graphene oxide (GO), CoFe2O4 (CF), CF-

0.2GO, CF-0.25GO, and CF -0.3GO. 
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Moreover, the reduced GO layer may be peeled off and decorated the CoFe2O4 nanocrystals, 

resulting in the disappearance of the diffraction peak of graphene of the (002) crystallographic 

plane. The phase composition of the pretreated clay was determined by XRD. The 2θ 

diffraction pattern ranges from 10 to 80. The X-ray diffraction pattern of the pretreated clay is 

shown in Figure 4.2. JCPD files 058-2004 and 046-1045 indicate the existence of high-

intensity diffraction peaks at 2θ of 12.39°, 19.85°, 24.96°, and 26.55°, the corresponding 

crystal orientation are (001), (020), (002), and (101), respectively [54, 113]. The JCPD 

document confirms that the main peaks of pretreated clay are kaolinite and quartz, which are 

usually found in kaolin as one of the main components. 

 

Figure 4.2. XRD pattern of, pure kaolinite and different composition of CF-0.3GO (GCF) in 

the kaolinite. 

It is found that kaolinite (Al2Si2O5 (OH)4) has a very strong peak and a very good lifting peak; 

there is also a sharp quartz peak. Characteristic peaks in the X-ray diffraction pattern of 

kaolinite /(CoFe2O4-0.3GO) samples with different weight fractions of CoFe2O4-0.3GO (30%, 

45%, 60%, and 75% ) is also shown in Figure 4.2. With an increase of GCF weight fraction, 

(001) peak intensity of kaolinite decreased, which indicates that a composite is effectively 

formed between kaolinite and (CoFe2O4-0.3GO). Like kaolinite powder, the ternary 

composites has sharp and significant peaks at 2θ of 12.39°, 19.85°, 24.96°, and 26.55° with 

the corresponding indices of (001), (020), (002), and (101), respectively. This indicates a high 

existence of kaolinite in these compounds (JCPDS. No. 058-2004) [114]. The diffraction 
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peaks of CoFe2O4 are also located at 2θ of 17.8, 30.5°, 35.5°, 43.2°, 57.1°, and 62.7° with 

corresponding(111), (220), (311), (400), (511), and (400) crystallographic planes, respectively, 

according to the crystallization level of JCPDS No. 022-1086. 

4.2. Morphological Analysis 

Figure 4.3 (a)-(e) shows the surface morphology of kaolinite (K), graphene oxide (GO), CF-

0.3GO (without cellulose), CF-0.3GO (with cellulose) and 0.25K/0.75[(CF-0.30GO)], 

respectively. Figure 4.3a shows several layers of kaolin in which the kaolin particles are 

distributed with fewer aggregations. These results also showed some porous structure of the 

kaolinite lattice. As shown in Figure 4.3b layers of GO sheets were well exfoliated. The 

CoFe2O4/GO particles without cellulose template synthesis showed high agglomeration and 

larger particle size due to the magnetic property of CoFe2O4.  In contrast, the CoFe2O4/GO 

composite with cellulose template synthesis showed a smaller particle size with porous 

morphology. This is happening because cellulose is a biopolymer with long chains and 

protects the formation of high agglomeration during synthesis as exhibited in Figure 4.3d. In 

addition, the porous structure is also exhibited in this morphology. Although the particles were 

homogenous they were aggregated at some point as seen in the SEM image. Unlike the 

kaolinite clay, Figure 4.3e shows the uniform distribution of smaller particles which may 

indicate the CF-0.3GO distributed evenly throughout the surface of kaolinite clay and modify 

the kaolinite structure.  
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+

 

 

Figure 4.3. (a) The surface morphology of (a) kaolinite (K), (b) graphene oxide (GO), (c) CF-

GO (without cellulosee), (d) CF-0.3GO (with cellulose) and (e) K/CF-GO. 

4.3. FTIR Analysis 

FTIR spectra of the GO, CF-GO, K, and K/(CF-GO)were examined to determine the presence 

of functional groups. For GO (Figure 4.4a), the broad peak at 3416 cm-1 corresponds to O⸻H 

c) 
d) 

e) 
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stretching vibration. In addition, the five peaks at 1726, 1584, 1403, 1221, 1048 cm-1  belong 

to C=O stretching, aromatic C⸻C, C⸻O carboxyl, epoxy C⸻O  and alkoxy [115, 116].  For 

CF-GO, the stretching vibration O⸻H indicates that the peak is narrower than that of GO, and 

the peaks of oxygenates are quite attenuated or completely attenuated, indicating that the GO 

content in the CF-GO compound may be reduced [109], and the adsorption peak near 1622 

cm-1 can be traced back to the stretching vibration of the non-oxidized carbon. 

 

Figure 4.4. FTIR spectra of the (a) GO, CF/GO (CF-0.3GO), and (b) , K (kaolinite), CF/GO/K 

0.25K/0.75[(CF-0.30GO)], and CF/GO samples. 

The result of 616 cm-1 shows that CF/GO corresponds to the valence vibrational bond of 

Co⸻O and Fe⸻O (metal-oxygen bond).  The FTIR spectrum of the kaolinite was shown in 
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Figure 4.4b. It shows absorption bands at 3691 and 3620 cm-1, which are due to the OH 

stretching vibration, and the absorption at 1630 cm-1, 1035 cm-1, 1105 cm-1, and 916 cm-1 have 

an H-O-H interlayer, a tetrahedral sheet of Si-O-Si group, stretching vibration Si-O and Al-

OH, respectively [117]. The peaks at 750 and 467 cm-1 correspond to quartz, while the bands 

at 430 cm-1 in kaolinite correspond to the tensile modes of Si-O, Al-O, and Si-O-Si bonds. 

This information provides a functional interface group involved in the adsorption process of 

kaolinite. The CF/GO/K peak at 1622 cm-1 is significantly reduced, indicating that there is a 

strong interfacial interaction between GO, CF, and K, which improves the mechanical strength 

of the composite [118].  After the kaolinite was corrected with GO and CoFe2O4, the peak area 

and intensity of the obtained composite material changed significantly, which may depend on 

the interaction between the functional groups in GO and the kaolinite structure [119].   

4.4. Thermal Property Analysis 

Figure 4.5 (a)-(c) exhibit thermal analysis of kaolinite, CoFe2O4, and  K/CF-GO composite 

sample from room temperature up to 800 °C. All samples show different weight loss stages, 

which can be seen in the TGA and corresponding DTA curves. The first stage of weight loss, 

for kaolinite, CoFe2O4, and K/(CF-GO) is about 3.29 %, 2.55 %, 1.88 %, which corresponds to 

the evaporation of water molecules from the surface into a crystalline structure [120]. The 

second weight loss is related to the dehydration (dehydroxylation) of coordinated water 

molecules and the decomposition of clay. This is because of the decomposition of organic 

components present in the material in the sample, for the Kaolinite and K/(CF-GO). The 

second weight loss of CF may be due to the decarburization of the cobalt ferrite particles 

[121]. The overall weight loss of  CF was about 4.1 % and the thermal stability of CF can 

reach up to 800°C.   

At the second stage of weight loss, the onset temperature (Tonset) is about 426 °C, 150 °C, and 

400 °C, respectively, for K, CF, K/CF-GO samples.  In the same stage of weight loss, the 

corresponding finishing temperature (Tfinish) is about 616 °C, 500 °C, and 700 °C, for K, CF, 

and K/CF-GO samples, respectively. The overall weight loss of Kaolinite was about 13.67 %, 

while that of the K/CF-GO was about 6,31 %. These suggest that the thermal stability of 

K/CF-GO is enhanced with the incorporation of stable CF particles into the kaolinite. 
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Figure 4.5. TGA-DTA analysis of (a) kaolinite (K), (b) CoFe2O4 (CF), and (c) K/CF-GO 

0.25K/0.75[(CF-0.30GO)]. 

4.5. Magnetic Property of CoFe2O4-Graphene/Kaolinite Adsorbents 

The magnetic properties of CoFe2O4 enhance the separation for the prepared composites. We 

studied the magnetic separation properties of the CoFe2O4-Graphene/Kaolinite adsorbents. As 

shown in Figure 4.6, the catalyst with homogeneous dispersion was strongly responsive to an 

external magnetic field, which can be easily separated from the reaction mixture in less than 1 

minute using a permanent magnet.  
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Figure 4.6. Images of 0.75[(CF-0.3GO)/0.25K suspension with (a) and without (b) a magnetic 

field. 

4.6. Adsorption Performance Analysis 

To determine the adsorption behavior of the composite, a series adsorption test was carried out 

with compositions (1–x)CF/(x)GO (x=0.20, 0.25, 0.30, weight percentage of GO). The 

removal efficiency/adsorption (%) and adsorption capacity of the materials can be calculated 

according to equations (1) and (2) as follows [70]: 

Adsorption(%) =
Ci−Cf

Ci
 100             (1) 

  qe(%) =
𝑉(Ci−Ce)

M
                                (2) 

where Ci and Cf are the initial and final metal ion concentration; qe and Ce are equilibrium 

adsorption capacity and concentration of the metal ions at equilibrium; V is the volume of 

metal ion solution (L) and M is the mass of adsorbent in grams. 

The adsorption capacity of (1–x)CF/(x)GO with x=0.20, 0.25, and 0.30 weight ratios of GO is 

shown in Figure 4.7. Among the composites, the sample with x = 0.3, i.e., CF-0.3GO had 

shown the highest adsorption capacity of about 23.6 mg g-1. As a result, this sample was 

selected for further studies and named GCF. 

a
) 

b) 
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Figure 4.7. The equilibrium adsorption capacity of CF-GO composites with different GO 

loading initial concentrations of 50 mg L-1,  at a temperature of 25 ºC. 

As shown in Figure 4.7, the adsorption capacity of Pb (II) using CF-GO increased as the 

amount of GO increased. Moreover, graphene oxide has a large surface area and contains 

many functional oxygen groups, such as hydroxyl and carboxyl groups [67, 122]. Therefore, 

with the increase of GO, the increase in the adsorption capacity of Pb (II) can be explained by 

the increase in surface area and surface-active sites of the adsorbent [123, 124]. This result 

indicates that the addition of graphene oxide improves the adsorption performance of CoF2O4 

on Pb (II). 

4.6.1. Effect of Contact Time and Adsorbent Dosage on GCF 

The contact time required to effectively remove contaminants from the adsorbent is important 

to determine the optimum time to remove heavy metal ions. The effect of contact time on the 

decrease of Pb (II) content in GCF is shown in Figure 4.8a. Pb adsorption is carried out in 

GCF, Ci = 10 mg L-1 and adsorbent dose = 300 mg L-1 to optimize the contact time between 

ions and adsorbent at room temperature. Initially, the adsorption rate of Pb (II) increases 

rapidly with time and then reaches equilibrium.  
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The adsorption occurs quickly, due to the presence of active and vacant sites on the surface of 

the adsorber in the initial stage [119]. Figure 4.8a clearly shows that the optimal Pb removal 

time is 90 min. At this time, the adsorption rate is equal to the desorption rate, and as the 

duration increases; the active site is inaccessible, which leads to a decrease in the driving force 

and a decrease in the adsorption rate [38]. However, a further increase in contact time 

indicates a decrease in the percentage of Pb. This temporary effect may be related to the 

saturation of the adsorbent surface with metal ions, followed by the adsorption and desorption 

process [54]. Therefore, 90 min is considered the best time to optimize the adsorbent dosage 

of GCF. 

In the adsorption procedure, the adsorbent dose is just one of the essential variables which can 

establish the adsorption efficiency and capacity. The effect of the GCF adsorbent dosage on 

the removal of Pb ions was studied by increasing the dosage from 0.6-2.1 g L-1 (Figure 4.8b).  

     

Figure 4.8. Effect of (a) contact time and (b) adsorbent dosage on the percentage of lead ion 

on to GCF, initial concentration of 10 mg L-1, T=25ºC. 
The elimination effectiveness of Pb ions was raised with a rise of adsorbent dose, which can 

be associated with the existence of a lot of active sites on the surface of adsorbent for 

adsorption [125]. As all the active sites might not be readily available for adsorption, it will 

lead to saturation. 
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 The saturation factor for Pb(II) ions was located at 1.5 g L-1 for GCF with 55% mg g-1 

removal effectiveness. As a result, 1.5 g L-1 adsorbent was taken as the optimal adsorbent 

dosage values for more detailed examinations. After optimizing the contact time and the dose 

of the binary compound (GCF), the ternary composites i.e (y)[(CF-0.30GO)]/(1-y)K, where y 

= 0.3, 0.45, 0.60, and 0.75, were synthesized. Then the adsorption capacity was also evaluated. 

Figure 4.9 shows the adsorption capacity for the synthesized ternary composites.  

A sample with the composition of 0.25K/0.75[(CF-0.30GO)] showed the highest adsorption 

capacity among other composite materials, about 4.2 mg g-1. Then this sample is used for other 

studies, such as changes in pH, contact time, and adsorption kinetics. 

 

Figure 4.9. Adsorption capacity (qe) of CoFe2O4 (CF), CF-0.3-GO (GCF), and K/GCF 

composites with different GCF loading on kaolinite, initial concentration of 10 mg L-1, 

T=25ºC. 

4.6.2. Effect of pH and Contact Time for the Ternary Composite 

Taking into account the influence of pH value, the adsorption performance of 0.25K/0.75[(CF-

0.30GO)] was analyzed, because this has a direct effect on the adsorption performance. The 

initial concentration of both metal ions at 25°C is 10 mg L-1. The pH range of Pb ions with the 

same metal ion concentration is 2 to 10. Figure 4.10a shows that the adsorption increases with 

the increase of pH under acidic conditions (2-4) significantly, and then reaches a peak at pH 4 
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and then all points are flatted. At pH 4, the adsorption capacity and removal efficiency become 

6.6 mg g-1 and 99%, respectively. 

      

Figure 4.10. Effect of (a) pH (b) contact time on percentage of lead adsorption onto 

0.25K/0.75[(CF-0.30GO)] composite material, initial conc. 10 mg/L,T = 25 °C 
At low pH (pH = 2), the removal ability of the Pb ion was low, which may be due to the high 

concentration of H+ ion in the medium, so the ion occupies the active sites [126].  The initial 

pH value increases, the amount of H+ in the medium decreases, and the competition between 

H+ and metal ions on the adsorber surface might be reduced, which significantly improves the 

efficiency of the adsorption method [127].  

The percentage of Pb (II) adsorbed onto the present composite was also examined as a 

function of contact time (Figure 4.10b). First, the adsorption rate of Pb (II) increases rapidly 

with time, and the adsorption capacity becomes higher after 30 minutes. Then there is an 

almost small increase in adsorption rates. Compared with the adsorption from 30 minutes to 

120 minutes, the adsorption capacity after 90 minutes was 6.64 mg g-1, as a result, the 90 min 

time was chosen as the equilibrium time for the kinetic study. 

4.6.3. Adsorption Kinetics 

To study the mechanism of controlling adsorption, a kinetic model suitable for data analysis, 

mass transfer, and chemical reactions are needed. In this study, the adsorption data 

corresponds to two kinetic models: Lagergren pseudo-first-order and pseudo-second-order. 

The calculated data in Table 4.1 was used to study the kinetic models. The first-order kinetic 
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model is suitable for solid-liquid systems, and the system equation can be expressed as below 

[128-130]. 

Table 4.1. Parameters for plotting adsorption kinetics for the sample of 0.25K/0.75[(CF-

0.30GO)] 
Time (min) qe (mg g-1) qt (mg g-1) qe-qt Log(qe-qt) t/qt 

30 6.64 6.586 0.054 -1.267606 4.554 

60 6.64 6.58 0.06 -1.221848 9.117 

90 6.64 6.64 0.0 - 13.533 

120 6.64 6.61 0.03 -1.522878 18.147 

 

   For the Pseudo-first-order, the corresponding equation can be written as: 

𝑙𝑜𝑔(𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 −
𝑘1

2.303
𝑡                          (3) 

where, qe and qt are the adsorption capacity (mg g-1) at equilibrium and time t, respectively, 

and k1 is the rate constant of the pseudo-first-order kinetic model. The k1 and qe values can be 

calculated from the slope and intercept of the plot of log (qe-qt) against t. 

For the Pseudo-second-order, the corresponding equation can be written as: 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

1

𝑞𝑒
𝑡                                       (4) 

Where qe and qt are the sorption capability (mg g-1) at equilibrium and time t, respectively, and 

k2 is that the rate constant of the pseudo-second-order kinetic model. The k2 and qe values 

may be calculated from the intercept and slope of the plot of t/qt against t. Figures 4.11 a and b 

show the linear diagrams of the pseudo-first-order and pseudo-second-order kinetic models of 

Pb (II) adsorption on 0.25K/0.75[(CF-0.30GO)], respectively.  

The values of the correlation coefficient (R2) obtained from the linear fitting curve of each 

model are provided and Table 4.2 summarizes the fitting parameters. For all adsorbents, the R2 

values obtained from the pseudo-first-order model are very low (R2 = 0.99488).In contrast, the 

pseudo-second-order model is more consistent with the experimental data with R2 = 0.9999. 
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Furthermore, the calculated equilibrium adsorption capacity (qe,(cal)) is very consistent with the 

experimental equilibrium adsorption capacity (qe,(exp)).  

Based on these results, the pseudo-second-order kinetic model can better describe the 

adsorption of Pb (II) in 0.25K/0.75[(CF-0.30GO)]. The pseudo-second-order kinetic model is 

based on the assumption that the rate-limiting step is controlled by chemical adsorption [131]. 

This indicates that the adsorption of Pb(II) on 0.25K/0.75[(CF-0.30GO)] composite is 

controlled by chemical adsorption.  

 

  

Figure 4.11. Pseudo-first-order kinetic models for 0.25K/0.75[(CF-0.30GO)] composite 

material. 
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Table 4.2. Calculated parameters from Pseudo-first and Pseudo-second-order kinetic models 

for the sample of 0.25K/0.75[(CF-0.30GO)] composite material. 

 

4.6.4. Reusability of the Adsorbent 

The 0.25K/0.75[(CF-0.30GO)] adsorbent was tested for up to three adsorption-desorption 

cycles for the reuse of Pb (II) aqueous solution (Figure 4.12). The test was done at the 

optimized pH value (at pH of 4) and reaction time (90 min) at room temperature. The results 

show that as the adsorption-desorption stage increases, the adsorption percentage of Pb (II) 

decreases. This decrease in efficiency may be related to the damage or change of the active 

center of the adsorber [132]. The removal efficiency of the lead ion using the present 

adsorbent was 99.5, 99.4, and 96.2 % in the first, second, and third cycles, respectively. In 

addition, it should be noted that at the third cycle of the adsorption process, the reduction in 

the amount of Pb (II) adsorption using the adsorber is less than 4%.  The results show that the 

obtained adsorbent can be used for up to three cycles to remove lead ions from an aqueous 

solution without significantly reducing the adsorption capacity. 

 

Model Parameters Values R2 

Pseudo-first-order qe,exper. (mg g−1) 

qe,calc. (mg g−1) 

K1 (min−1) 

0.06751 

6.6405 

-0.0000564 

0.99488 

Pseudo-second-order qe,exper. (mg g−1) 

qe,calc. (mg g−1) 

K2 (min−1) 

6.6401 

6.6405 

0.5815 

0.9999 
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Figure 4.12. Effect of recycling 0.25K/0.75[(CF-0.30GO)]on the adsorption efficiency. 
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5. Conclusion and Recommendation 

5.1. Conclusion 

In this study, Graphene oxide, CoFe2O4, CoFe2O4-GO (CF-GO), and K/(CF-GO) were 

successfully synthesized by improved, hydrothermal, and solution methods, respectively. 

Among the binary composites, CF-0.3GO showed a better adsorption capacity of about 23.6 

mg g-1 from the binary composite samples at the initial Pb concentration of 50 mg l-1. In 

addition, the sample with a composition of 0.25K/0.75[(CF-0.30GO)] showed the best 

adsorption capacity of about 4.2 mg g-1 at the initial Pb concentration of 10 mg l-1 from the 

ternary composites and was selected for further studies. The materials were characterized 

using XRD, SEM, FTIR), and TGA-DTA. The XRD results showed that the pretreated clay 

was contained a high content of kaolinite clay with little quartz amount. The XRD pattern of 

the synthesized CoFe2O4 and GO confirmed the formation of pure CoFe2O4 particles and 

graphene oxide. The effective formation of the ternary composite was also confirmed by the 

XRD results. The FTIR data of (CF-GO)/K confirmed the presence of various oxygen-

containing functional groups which enhance the adsorption capacity by the reactions of Pb (II) 

with active surface groups. TGA-DTA data revealed that the thermal stability of kaolinite 

enhanced with the incorporation of CoFe2O4 and GO through the structure. The effect of pH 

(2-10) and contact time (30-90min) were also studied for 0.25K/0.75[(CF-0.30GO)] 

composite. At pH of 4, the adsorption capacity and removal efficiency was 6.62 mg g-1 and 99 

%, respectively, and becomes constant. The adsorption kinetics best fitted with Pseudo-

second-order adsorption which indicates. Finally, the reusability of the present composite was 

studied after separating the catalyst magnetically for up to 3 cycles with a small reduction in 

removal efficiency. Therefore, the experimental results of this study specify that the present 

composite could be a potential candidate for the removal of Pb (II). 
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5.2. Recommendation 

In this study, we investigated the adsorption capacity of K/(CF-GO) ternary composites 

towards lead ion (Pb (II)) removal from an aqueous solution. The results show that this 

composite has a good adsorption capacity to Pb (II). However, there are also other toxic to 

heavy metals such as mercury, arsenide, cobalt and so. We further recommend the 

investigation of the adsorption capacity of these ternary composites towards other toxic heavy 

metals. The adsorption performance of the synthesized materials is highly affected by the 

surface area and pore volume of the adsorbent. Therefore, we recommended the determination 

of specific surface area and porosity using Brunner-Emmet-Teller (BET). 
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