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Chapter 1  

Introduction 

1.1. Overview 

It is undisputed that water is one of the precious resources required for human survival. 

The world is now facing a threat in meeting the demands of unpolluted drinking water 

due to its excessive usage, the impacts of climate change, expanding industrialisation 

and improper disposal of effluents into water bodies [1]. Due to rapid industrialisation, 

there are reported cases of river pollution in everywhere [2]. The rivers in Africa, Asia 

and Latin American are  reported to be contaminated with various kinds of pollutants 

[2]. About 90% of both domestic and industrial effluents in low-economy nations are 

being discharged into surface water bodies without prior treatment (Figure 1.1) [2]. 

Surface water (rivers and lakes) and ground water (wells and natural springs) serves as 

major sources of drinking water, which are mostly not protected leading to water 

pollution [2].  Deaths due to unsafe water and a lack of access to improved sources of 

drinking water and good sanitation are common in African and Asian regions  [3]. In the 

next three decades, it is projected that the world population will  climb to approximately  

9 billion, this will put more pressure on the limited available fresh water and therefore 

effective purification methods for water are essential in order to continue supporting 

the life of both flora and fauna [3,4].  

Human activities and some natural processes have resulted in polluting water resources 

to the extent that decontamination is required before using it for domestic and other 

applications [2]. Metal contamination of water results from intensive anthropogenic 

activities, including mining, agriculture, and disposal of industrial waste materials [1]. 

Industrial effluents are also a major source of toxic metal pollution in water and 

furthermore, releasing of wastewaters into surface waters also has a greater implication 

in addition to drinking water, since effects to aquatic animals culminate to criti cal 

misbalances in the ecosystem [4]. As nearly all heavy metals are dangerously harmful 
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[11]. Therefore, the World Health Organisation (WHO) in collaboration with other 

regulatory bodies set Guideline values in drinking water  (Table 1.1) [12].  

 Table 1.1: Examples of heavy metals, their toxic effects, sources, and permissible 
limits 

Unlike organic contaminants, heavy metal ions cannot be bio-degraded in nature, and 

too much intake of these toxic metals could even result in death [5]. Therefore, the 

removal of heavy metals from drinking and wastewater are of fundamental importance 

to protect the environment and ensure the wellbeing of the populations. Various 

important procedures have been used in removing heavy metals from drinking and 

Heavy 
metals 

Biological effects Sources Permissible 
limits (mgL-1) 

Lead (Pb) Congenital paralysis, high blood 
pressure, brain damage, reduced 
learning abilities, liver and kidney 
damage, infertility, and cardio 
toxic. 

Mining, pesticides, 
automobile, burning 
coal. 

0.01 

Cadmium 
(Cd) 

Lung cancer, renal dysfunction, 
and reproduction problems.   

Fertilisers,electroplating, 
nuclear plants, paints, 
and plastics.  

0.03 

Mercury 
(Hg) 

Destruction of nervous system, 
genetic defects, mental 
retardation, chest pain, and 
dyspnea. 

Oil refining, mining, 
fertilisers, paints, pulp, 
and paper. 

0.006 

Arsenic 
(As) 

 

Induces chromosomal 
abnormalities, affects foetuses 
(carcinogenic), nasal septum, skin 
changes, and peripheral neuritis. 

Pesticides and 
herbicides for 
agricultural purposes. 

0.01 

Chromium 
(Cr) 

Lung cancer, weakened immune 
system, kidney and liver damage, 
respiratory problems and skin 
rash. 

Textile and steel 
industry. 

0.05 

Copper 
(Cu) 

Anaemia, hypertension, liver and 
kidney damage, uraemia. 

Mining, pesticide 
production and metal 
plating. 

2.00 

Uranium 
(U) 

Disturbs hormone balance, 
nephrotoxic, neurotoxic, 
genotoxic and weakened immune 
system. 

Mining. 0.03 

Source: [12,13] 
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Figure 1.2: World map showing the global risk of arsenic in drinking water.  Source: [35]
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Figure 1.3: Pictures showing the artisanal gold ore washing and processing in some 
remote villages of Zamfara, North-western, Nigeria. 
Source: (A) punchng.com; (B) myvillaafrica.blogspot.com; (C) globalsentinelng.com. 

1.4. Aim and Objectives  

The overall aim of this research is to develop a  sustainable method, through preparation 

of clay-polymer composites (I.e., bentonite-chitosan) for effective removal of heavy 

metals from water.  

The main objectives of this study include; 

1. To prepare novel functional composites (and beads) from bentonite clay and 

chitosan biopolymer. 

2. To prepare positively charged composites by modifying bentonite clay with 

chitosan and Fe(III) cation. 

3. To characterise synthesised composites using a range of techniques including X-

ray diffraction, thermogravimetric analysis and Fourier transform infrared 

spectroscopy. 

4. To study the feasibility of using prepared composites for the removal of heavy 

metals (Pb, Cu and As) from aqueous metal solutions, through sorption 

experiments. 

A

B

CA 

B 

C 
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Figure 2.1: Some methods for removal of heavy metals from water  

                       

Unfortunately, the activities and discharging of waste products by small-scale industries 

in developing nations are frequently conducted without proper environmental or safety 

regulations [24]. Poverty and lack of resources are the main reasons why environmental 

standards are not implemented, and thus, simpler, recyclable and low-cost purification 

methods are needed now for remediation of wastewater in developing nations [24].  

2.2. Treatment of domestic water in rural areas of developing nations 

 
Unlike in developed countries, there are extremely limited centralised water treatment 

infrastructures in rural regions of developing nations. A potential solution backed by the 

World Health Organization (WHO) to overcome poor-quality household drinking water 

is to treat available water at the point of use (POU) [10,24,43].  

Some technologies such as solar disinfection, ceramic filters (including silver-infused), 

amalgamated coagulant-chlorine disinfection systems, and bio-sand filters have been 

reviewed and applied for water treatment at POU and these tools have helped and 

provided a dramatic decrease in water-borne disease related with effective 

microbiological efficacy [24,44]. The techniques mentioned above are designed mainly 
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to reduce or avert all kinds of water borne illness. So, for water polluted with heavy 

metals, organic compounds and other toxic chemicals, these methods might not be 

enough and therefore, a particular treatment procedure is required [24]. For instance, 

reverse osmosis (RO), ion exchange and adsorption are likely POU tools for eliminating 

heavy metals and metalloids from drinking water [24]. 

It was reported in the mid-1990s that AdEdge Technologies Inc. developed an iron-oxide 

based granular sorbent (Bayoxide® E33) which can be used as an adsorption media for 

removing arsenic from drinking water in individual households [24]. It has been 

successfully used in large-scale drinking water applications and reduces up to 99% of 

total arsenic, including both arsenic (III) and arsenic (V) [24].  

Mansoor and Meera [24,45] developed and studied a dual media filter consisting of 

manganese oxide-coated and iron hydroxide-coated sand for the simultaneous removal 

of heavy metals and bacteria from water with encouraging results; bacteria and zinc 

were removed at levels greater than 99% and 96%, respectively.    

Sen and Khoo [46] studied zinc adsorption onto both kaolin and natural bentonite and 

the results obtained demonstrated that both can be used as an excellent natural 

adsorbent to remove Zn (II) from wastewaters with good efficiency and low cost. In 

addition, Masindi and Gitari [47] successfully fabricated cryptocrystalline 

magnesite/bentonite clay composite via a mechanical-chemical process and it was 

applied for removal of Co(II), Cu(II), Ni(II), Pb(II) and Zn(II) ions from aqueous solution to  

below permissible limits and therefore, from the experimental data and kinetic studies, 

they concluded that the synthesised composite could be used for remediation of metal 

contaminated wastewater. 

Many more materials (as inexpensive adsorbents) have been developed, studied and 

reported in various literature for removal of pollutants (specifically, heavy metals) in 

water, but it has been concluded from most studies that more research is needed before 

a workable implementation is achievable [5,9,14,15,17,21,23]. 









https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwic5Nee_63eAhUB2xoKHTvyCiQQjRx6BAgBEAU&url=https://www.researchgate.net/figure/A-diagrammatic-sketch-of-the-structure-of-bentonite-clay-Alexandre-et-al_fig1_265475939&psig=AOvVaw2lYdUD9GciafRoBmp1_rmj&ust=1540982466585849
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reported the performance of clay minerals, such as bentonite (montmorillonite), 

kaolinite, illite and Hydrotalcites, for the removal of heavy metals, which includes Pb, 

Zn, Ni and As [8,52,60]. The adsorption of heavy metals by clay minerals usually involves 

a complex mechanism which includes direct bonding between metal cations with the 

surface of clay minerals, surface complexation, and ion exchange [54].  

In many studies, pre-treatment (acid, alkaline or thermal activation) is required to 

enhance the surface area, pore-volume, and number of acid sites on the surface of clays 

which will consequently increase their heavy metal adsorption capacity [67]. 

Bhattacharyya and Gupta [49] studied the adsorption of cobalt (II) using natural and acid 

activated kaolinite and montmorillonite from aqueous solution. The adsorption 

experiments were carried out using a batch procedure and investigated different pHs, 

initial Co (II) concentrations, interaction times, temperatures, and amount of clay. 

Adsorption of Co (II) on the clays increased continuously from pH 1.0 to 8.0 and reached 

equilibrium within 240 min. The results showed that the maximum adsorption capacity 

of the clays was within the range of 11.2 to 29.7 mg/g and Co (II) accumulation was in 

order as shown; acid-activated montmorillonite > natural montmorillonite > acid 

activated kaolinite > kaolinite. The kinetic experiments showed that adsorption 

interactions were best described by a second order model and successfully simulated by 

Langmuir isotherms. Thermodynamic studies showed that the adsorption of Co (II) on 

kaolinite and acid-activated kaolinite is endothermic (driven by entropy increase), but 

that of montmorillonite and acid-activated montmorillonite followed an exothermic 

process. Other studies concerning the adsorption of heavy metals by clay minerals is 

summarised in Table 2.2.  From some of the extensive reviews, it was reported that due 

to the difficulty experienced in recovering clay particles from solutions after adsorption 

processes, neat clay minerals are not very efficient or attractive in removing micro-

pollutants from water when compared with zeolites and activated carbon [49,54]. 

Therefore, an attractive solution to overcome these problems is to combine them with 

polymers. 
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derivatives (such as clay-chitosan composite) for adsorption of heavy metals [9]. To 

overcome the poor chemical stability of chitosan or its derivative (e.g. clay-chitosan 

composite) in strongly acidic media, attempts have been made to carried out a suitable 

crosslinking of the materials [9,90]. Despite some advantages, crosslinked chitosan 

composite materials have not been fully used at the industrial scale, because it involves 

a decrease in the adsorption capacity, as amino groups involved in crosslinking are not 

available for complex formation of heavy metals [9,90].  
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Table 2.3: Adsorption capacities of clay-chitosan for various heavy metal removals 
from aqueous solutions 

Adsorbent Adsorbate 
(pollutant) 

Adsorption capacity 
qmax (mg/g) pH & Equil. time Ref. 

Chitosan saturated 
Montmorillonite 

 

Pb(II) 
Cu(II) 
Cd(II) 

47.45 (Ci = 200 mg/L) 
31.85 (Ci = 200 mg/L) 
20.68 (Ci = 200 mg/L) 

5.0 ; 3hrs 
5.0 ; 3hrs 
5.0 ; 3hrs 

[91] 

ECH crosslinked 
chitosan-clay beads 

Ni(II) 
Cd(II) 

32.36(Ci = 100 mg/L) 
72.31(Ci = 100 mg/L) 

6.0 - 4.5 ; [92] 

Chitosan- 
Montmorillonite 

Co(II) 

 
150 (Ci = 825 mg/L) -- ; 12hr [93] 

Chitosan- 
Montmorillonite 

composite 

Se(II) 

 
18.4  / 98% removal Not pH 

dependent 
[94] 

5%Bentonite-chitosan Cr(VI) 223 5.0 ; > 2hrs [95] 

Crosslinked chitosan-
Montmorillonite 
nanocomposite 

As(V) 

 
0.39 (0.4 mg/L) 

About 97.5% removal 7 ; 1.5hrs [96] 

Chitosan-clay 
nanocomposite 

Cr(VI) 

 
357.14 3 ; -- [97] 

Chitosan-coated 
bentonite beads 

indium(III) 17.89 4.0 ; -- [98] 

Chitosan-palygorskite 
composite 

Pb(II) 

 

CP1; 201.5 
C2P; 154.5 
CP2; 147.1 

6.0 ; 30 mins 
6.0 ; 40 mins 
6.0 ; 40 mins 

[99] 

Chitosan.-vermiculite 
biocomposite 

Cd(II) 
Pb(II) 

 

58.48 
166.67 

4 
4 [100] 

Chitosan-modified 
vermiculite 

As(III) 
 

 
 

72.2 
 5; 30 mins 

 [82] 

ECH = epichlorohydrin; Ci = initial concentration; CP1 = [Chitosan-palygorskite composite @  1:1]; C2P = 
[Chitosan-palygorskite composite @1:2]; CP2 = [Chitosan-palygorskite composite @2:1] 
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chemical species (e.g. pollutants) are adsorbed onto the uppermost atomic layers of a 

solid material (Figure 2.5) [16,17,23]. Adsorption mostly occurs by physisorption (i.e. 

physical forces including van der Waal interactions or hydrogen bonding), but also 

chemisorption (i.e. covalent or ionic bonding) [17]. The substance to be adsorbed, prior 

to adsorption on the surface is called the adsorptive substance, and when in an adsorbed 

state it is called the adsorbate. The material that adsorbs the molecules is the adsorbent 

[17]. 

 
Figure 2.5: Schematic illustration of adsorption and desorption process in solid-liquid 
system, and some other fundamental concepts utilised in the field of adsorption science 
and technology. 

 
Adsorption technology is a less expensive technique (compared to other conventional 

methods) which proffers flexibility in operational design and since it is sometimes 

reversible, adsorbents can be rejuvenated by appropriate desorption processes, thus, 

making it highly attractive for water treatment, especially in developing nations [5,15]. 

Numerous factors determine adsorption processes which includes; temperature, nature 

and amount of the adsorbate and adsorbent, the presence of other competing 

adsorbate(s) and experimental conditions (such as pH, contact time and particle size) 
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as FTIR, NMR, XRD, XPS, SEM,  Raman spectroscopy, TGA/DTA, DSC  etc.) a good sense 

of the chemical nature of the adsorbate and adsorbent, adsorbent's surface, and 

chemical or physical interactions between the adsorbent and adsorbate is still required 

[48,116]. 

2.5.3.1 Pseudo-first order (PFO) kinetic model 

The first order rate equation was first introduced by Lagergren [122], in his work on 

adsorption of oxalic acid and malonic acid onto charcoal [116,123]. Although, the 

equation is now generally used in the form proposed by Ho and McKay [116,124,125]. 

The PFO kinetic model for sorption systems is based on the initial solute concentration 

and most times, the model does not fit well for the full-length of contact time 

[72,115,124]. Both linear and non-linear forms of the PFO kinetic model are shown in 

Equations 2.2 and 2.3, respectively, as presented in Table 2.4. The two important 

parameters calculated from PFO kinetic equations are equilibrium adsorption capacity, 

qe (mg/g) and pseudo-first order rate constant, k1 (min-1), these values (qe and k1) are 

usually determined by applying the commonly accepted linear regression procedure, 

based on the linearised form of the PFO equation [123]. 

Even though, the PFO equation is widely applied in adsorption systems, there are 

problems related to the application of PFO kinetic models, which have been adequately 

discussed in the literature. The PFO equation is only appropriate for the initial contact 

time (for example, 20-30 min; and not for the whole range), and the problem due to the 

two unknown parameters (qe and k1) in the equation has made the PFO kinetic model 

complicated  [116,126]. The plots of the linearised form of the PFO equation are only 

linear over approximately the first 30 min; beyond this initial period, the experimental 

and theoretical data will not fit [116,127]. The selection of an appropriate qe value is 

another major challenge, as the predicted adsorption capacity value at equilibrium time 

(qe) should not be lower than the experimentally obtained adsorption capacity (qt), or 

else it will create issues involving using the logarithm of a negative number. 

[116,123,125]. In addition, the calculated qe value (when using the PFO linearised 

equation) is not usually equal to the qe value obtained from experiments, and thus, this 

further indicates the inability of the PFO linearised equation to fit kinetic adsorption data 

[116,128]. The large differences observed in both calculated and experimental qe when 
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favourable (0 < RL < 1) or irreversible (RL = 0) [138,144]. The RL value can predict the 

Langmuir isotherm shape and the relationship between RL values, nature of adsorption 

and various isotherm shapes is summarised in Table 2.6 [116,144].  It should be noted 

that the above mathematical expression of the separation factor can only be employed 

for isotherms that obey the Langmuir model. RL values will vary with the initial adsorbate 

concentration, irrespective of the shape of the isotherm, and RL values at different initial 

adsorbate concentrations cannot be calculated directly from the Langmuir isotherm, but 

can be calculated from the Langmuir equilibrium constant KL [116,138]. 

2.5.4.2 Freundlich isotherm model 

The Freundlich isotherm [145], is one of the earliest empirical equations used to 

describe equilibrium data and adsorption characteristics for a heterogeneous surface 

[48,116,138,145]. It can be used in describing the non-ideal, reversible, monolayer and 

multilayer adsorption process, with non-uniform distribution of adsorption energies 

over the heterogeneous surface [138]. Contrary to the Langmuir model, the Freundlich 

isotherm can describe neither the linear range at exceptionally low concentrations nor 

saturation effect at very high concentrations [48,116]. Currently, Freundlich isotherm is 

widely applied for analysis of organic compounds or highly interactive species adsorbed 

onto activated carbon (and molecular sieves) [48,138]. 

The linear and non-linear forms of Freundlich models are given as Equations 2.10 and 

2.11, presented in Table 2.5. The two important parameters calculated from Freundlich 

equations are the Freundlich constant KF, (mg/g)/(mg/L)n and the Freundlich intensity 

parameter, also called Freundlich exponent n, (dimensionless) which indicates the 

magnitude of the adsorption driving force or the surface heterogeneity [116]. The 

Freundlich constant (KF) characterises the strength of the adsorption and a higher KF 

value indicates that higher loading of adsorbate onto adsorbent could be achieved as 

shown in Figure 2.7(a) [48]. The n value ranges between 0 to 1, which is a measure of 

adsorption intensity or surface heterogeneity. When the value gets closer to zero it 

implies that the system becomes more heterogeneous and usually, a value below unity 

implies a chemisorption process [138]. Also, the n value has an influence on the shape 

of the isotherm, the lower the n value , the more concaved (with respect to the 

concentration axis) will be the isotherm shape Figure 2.7(b) [48]. The relationship 
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Table 2.6: Relationship between isotherm parameters (RL and n), nature of adsorption 
and Isotherm shapes 

Separation Factor 

(RL) 

Freundlich exponent 

(n) 

Nature of 

adsorption 

Isotherm shapes 

RL = 0 n = 0 Irreversible Horizontal 

RL < 1 n < 1 Favourable Concave 

RL = 1 n = 1 Linear Linear 

RL > 1 n > 1 Unfavourable Convex 

 
 
 

 
Figure 2.7: Scheme showing the influence of Freundlich parameters on adsorption 
isotherm. 
(a) Freundlich constant (Kf) and (b)  Freundlich exponent (n). Source:[48] 
 

2.5.5. Multi-component adsorption  

Adsorption has been identified as one of the most effective techniques for the treatment 

of wastewater containing different pollutants [149]. It is essential to understand the 

concept of multicomponent adsorption before applying it to the treatment of a liquid 

system containing multiple or competing pollutants (e.g., wastewater). This is because 

there are series of interactions among the components present in the wastewater, 

which are due to high concentrations of these pollutants [149]. Therefore, it is required 
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       Figure 2.9: Schematic representation of breakthrough curve by movement of adsorption zone 
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small number of experiments. Results obtained in the screening experiments can 

also be used to redesign the range of the factors studied [36,180].  

2) Response surface designs are used to evaluate the important factors of a study 

in more detail. They are often used after identifying the main factors affecting 

the response of the experiment [36,180]. A better and more visual 

understanding of the relationship between the responses and factors, are 

obtained with response surface plots. In addition, response surface designs are 

used for finding optimum conditions. Finding the optimal conditions can be 

achieved by maximising or minimising a response or by approximating the 

response to a targeted value [36,180]. 
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Chapter 3  

Analytical Instrumentation 

3.1. Instruments used for characterisation of clay-polymer composites 

3.1.1. Thermogravimetric Analysis (TGA) 

TGA is an instrumental analysis technique repeatedly employed in thermal investigation, 

which is mainly used to characterise materials by measuring their change in mass with 

respect to temperature [181,182]. The important properties usually measured by TGA 

include purity, composition, decomposition temperatures, decomposition reactions, 

and adsorbed moisture contents [181,182]. Both TGA and Differential-Scanning-

Calorimetry (DSC) techniques are frequently used together to provide complementary 

information that could facilitate the interpretation of thermal experiments [181].  

In a defined atmosphere (of TGA), the mass of a sample is measured as it is heated, 

cooled, or held at a constant temperature. As shown in Figure 3.1 (left), there can be 

five different steps involved in a regular mass-loss curve of a material (such as polymer) 

during a thermal analysis. Step-1 is the loss of volatile components (e.g., moisture), step-

2 refers to a decomposition stage, step-3 is when the atmosphere is switched from 

nitrogen to oxygen, step-4  is the combustion/oxidation of carbon and step-5 relates to 

the inert inorganic residue of ash fillers. The detail description of any TGA instrument  is 

beyond the scope of this thesis, but a schematic diagram of how a system works for 

thermogravimetry is shown in Figure 3.1 (right).  

Regarding the work carried out in this thesis, a computer programmed TGA/DSC-1 

instrument (Mettler-Toledo; Stare System) was used to quantify the amount of chitosan 

present in the final synthesised Bt-Ch composite or beads (Figure 3.2). All analyses were 

performed with 5 mg samples in alumina pans under an air purge (40ml/min) between 

35 and 1000oC at heating rate 20 oC / min. 
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 Figure 3.1: Schematic diagram of a typical mass-loss curve of a material (left), and a system for thermogravimetry instruments (right)  
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Figure 3.2: Laboratory set-up of  Mettler-Toledo TGA/DSC-1 instrument (Stare System) for Thermal analysis 
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Figure 3.4: Schematics of Bragg-Brentano diffraction geometry (left) and photograph showing the X-ray tube, sample spinner and detector (right) 
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sampling preparation. (2) it is a fast, easy and non-destructive technique, which gives a 

more efficient and accurate result with a low signal-to-noise ratio [184]. The instrument 

was equipped with a deuterated triglycine sulphate (DTGS) detector, and the powdered 

samples of the bentonite-chitosan composites or beads were placed on the ATR crystal, 

and then the spectrum was recorded. Both background and sample spectra were taken 

at room temperature, and each spectrum was the average of 64 scans collected at 4 cm-

1 resolution. 
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Figure 3.5: (left) the optical diagram of a Michelson interferometer (right) picture showing the laboratory set-up of  a Nicolet  
FTIR Spectrometer Instrument for infrared spectral analysis. 
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3.2. Instrument used for the quantitative analysis of heavy metals 

3.2.1. Inductively coupled plasma �t optical emission spectrometry (ICP-OES) 

Inductively coupled plasma-optical emission spectrometry (ICP-OES) is one of the 

popular and most powerful analytical tools for analysis (quantitative and qualitative) of 

trace elements in various samples, mostly in fluid state [182,185]. This technique is 

based on the spontaneous emission of photons from atoms and ions which have been 

excited. Both gaseous and liquid samples may be injected directly into the instrument, 

while the solid samples requires appropriate sample preparation to make the analytes 

available in a solution prior to analysis [182,185]. 

 
In terms of operation, a typical ICP-OES instruments uses argon gas and an intense 

electromagnetic field to create superheated plasma at very high temperatures of about 

7000 K. Usually, a pump will steadily supply the fluid sample into a nebulizer, which then 

transforms the liquid into mist, and sends it to the ICP-emission source (plasma) [186]. 

The high temperature plasma will then heat the sample causing significant excitation 

and ionisation of sample into atoms and charged ions [182,185]. Once the atoms or ions 

are in their excited state, they can fall back to lower states to emit light at different 

wavelengths. The intensity of the light emitted at specific wavelengths is measured and 

used to determine the concentration of the element(s) of interest [182,185]. One 

advantage of thermal excitation sources (in ICP-OES analysis) is that it can populate 

many atoms or ions with different energy levels for several different elements at the 

same time [186]. Since all the excited atoms and ions can emit respective characteristic 

radiation at the same time, then this makes ICP-OES more flexible to choose from 

several different emissions and allows the analysis of multiple elements concurrently 

[186].  

For the adsorption experimental work undertaken in this thesis, the quantitative 

measurements of Pb(II), Cu(II), Zn(II), Ni(II) and As(III) ions were carried out by ICP-OES 

(Agilent 5110 model), equipped with a torch having an axial viewing mode coupled with 

an autosampler (Figure 3.6). The following wavelengths 220. 353, 327.395, 206.200, 

231.604, 278.022 nm were selected during ICP-OES analysis of Pb(II), Cu(II), Zn(II), Ni(II) 
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and As(III), respectively.  The instrument operating conditions were; radio frequency 

(RF) power of 1.2 kW, plasma gas flow rate of 12 L/min, auxiliary gas flow rate of 1.0 

L/min, nebulizer flow rate of 0.7 L/min, sample aspiration rate of 2.0 mL/min and 

stabilisation time of 15 seconds.  The measurements were performed in triplicate and 

the read time was 5 seconds for each replicate. The metal ion concentrations were 

determined by the optical emission at the respective wavelength of each element of 

interest. Standard solutions of metal ion concentrations 10, 20, 50, 100, 200, 300, and 

500 mg/L  were used for the calibration curve of the respective metal ions 

measurements. The calibration standard solutions were prepared by diluting a standard 

stock solution of 1000 mg/L in HCl.  
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4.2.3. Characterisation of Bt-Ch composites and beads 

The synthesised Bt-Ch composites and beads samples were characterised by using TGA, 

XRD, and FTIR as previously described in Sections 3.1.1, 3.1.2 and 3.1.3, respectively.  
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Table 4.1: Proportions for synthesis of Bt-Ch-1 (and Bt-Ch-2) composites and beads via solution blending and precipitation method, respectively 

Sample 
composition 

Wt. of Bt. 

(g) 

Wt. of Ch. 

(g) 

Vol. of Bt. 
suspension (ml) 

Vol. of Ch. Solution 

(ml) 

Total vol. of the mixture 
(composites & beads-A)  

Total vol. of the mixture 
(beads-B) 

90%Bt-10%Ch 

 

4.5 0.5 100 350 450 350 

70%Bt-30%Ch 

 

3.5 1.5 100 350 450 350 

50%Bt-50%Ch 2.5 2.5 100 350 450 350 

Note: Wt. = weight; Bt. = bentonite; Ch. = chitosan; Vol. = volume 
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Figure 4.1 : Images and schemes showing the making of Bt-Ch composites and beads 
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Bt-Ch-2 beads-A and beads-B, respectively. This may be due to the high portion of 

chitosan been washed away during the centrifugation and washing stage of the solution 

method. 
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Figure 4.2:  Charts showing percentage (%) yield of (A) Bt-Ch-1 and (B) Bt-Ch-2 composite product recovered via precipitation and 
solution methods 

Note: Each bar represents mean ± standard error of three different samples (n = 3). Beads-A = (Bt. suspension + Chitosan solution); 
beads-B = (powdered Bt. + Chitosan solution). 
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observed, though there is less of a decrease in % product yield. The greater weight loss 

is attributed to more chitosan present in the beads compared to composites. 

The calculated amounts of chitosan in each Bt-Ch-2 composite/beads samples are 

shown in Figure 4.4B. As can be seen, similar trends are observed for Bt-Ch-2 beads 

compared to the calculated amount of chitosan obtained for Bt-Ch-1 beads. However, 

less chitosan was observed for Bt-Ch-2 composites compared with those obtained for 

Bt-Ch-1 composites. The lower values obtained for Bt-Ch-2 composites is attributed to 

the high viscous nature of chitosan-2, resulting in poor mixing with clay suspension and 

a larger portion of chitosan-2 being washed away during the preparation stage.  
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Figure 4.3: TGA curves and first derivatives of bentonite, chitosan-1, and Bt/Ch-1 composites/beads 

Note: smooth lines represent weight loss; break line represents first derivatives; similar trends observed for chitosan-2  
and Bt-Ch-2 composites/beads  
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Figure 4.4: Charts showing the estimated amounts of chitosan (%) present in (A) Bt-Ch-1 composites/beads (B) Bt-Ch-2 composites/beads 

Each bar represents mean ± standard error of three different samples (n = 3).  
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4.3.3. XRD Analysis 

XRD was used to determine whether the chitosan was located within the interlayer of 

the bentonite clay. The XRD patterns of prepared Bt-Ch-1 composites and beads are 

shown in Figure 4.5A. A large significant increase in d-spacing from 1.26 nm to 1.59, 1.72 

or 1.75 nm was observed for 90%Bt-10%Ch-1, 70%Bt-30%Ch-1 and 50%Bt-50%Ch-1 

composites, respectively. For Bt-Ch-1 beads-A, and like for the composites, the d-

spacing reflections show a significant shift towards lower angle (larger d-spacing) with a 

much larger difference compared to pristine clay, however, there are differences in 

relative intensity of the reflections and interlayer spacings.  This is as anticipated given 

the higher loadings of chitosan as determined by the TGA analysis (Figure 4.4A). The 

calculated d-spacings of 1.87, 1.92 and 2.02 nm were observed for 90%Bt-10%Ch-1, 

70%Bt-30%Ch-1 and 50%Bt-50%Ch-1 beads-A, respectively. In addition, a shoulder (with 

less significant shift) to the right of these reflections is still clearly observed for both 

90%Bt-10%Ch-1, 70%Bt-30%Ch-1 beads-A; these represent a single layer of chitosan.  

The relative amount of these single layers decreases with increasing amounts of 

chitosan, as expected since the additional chitosan will convert single layer into bilayers. 

The higher d-spacing value obtained with the highest amount of chitosan (50%Bt-

50%Ch-1 beads-A) indicates that it is predominantly due to bilayers of chitosan 

intercalated between the clay layers. This agrees with the similar higher d001-spacing 

value (2.04 nm) obtained from the previous work carried out by Darder et al. [81,83], 

which has been related to chitosan bilayers intercalated into clay structures. For the XRD 

traces collected from all Bt-Ch-1 beads-B samples, the dominant reflections were 

positioned at 1.26 nm indicating higher single layer loadings, which is the opposite for 

the observations noted in the composite and beads A samples. There is some evidence 

of bilayer structures in the Bt-Ch-1 beads-B samples, as evidenced by the shoulders 

representing d001-spacings of approximately 1.75 nm, but their relative intensities and 

thus inferred amounts are significantly less. Overall, similar reflection shifts were 

expected for Bt-Ch-1 beads-B in comparison to Bt-Ch-1 beads-A because similar 

amounts of chitosan are present (Figure 4B), however this is not the case.  The shifts are 

even smaller than those of the Bt-Ch-1 composites, which have considerably less 

chitosan present. This data suggests that the preparation process, i.e., the addition of 



80 
 

powdered bentonite rather than as a suspension significantly affects ( i.e., lowers) the 

distribution of chitosan within the interlayer space of the clay (as illustrated in Figure 

4.6). 

For Bt-Ch-2 composites/beads (Figure 4.5B), the XRD traces collected for Bt-Ch-2 beads-

B samples show slight observable intercalation (with shoulders to the left of reflections) 

just like those obtained for Bt-Ch-1 beads-B. But a significant increase in d-spacing from 

1.26 nm to 1.86 nm (with a slight shoulder to right), was observed for 50%Bt-50%Ch-2 

beads-A. However, two reflections are observed in the traces of both 90%Bt-10%Ch-2 

and 70%Bt-%30Ch-2 beads-A. The first reflection shows no change from that of the 

pristine bentonite (still at d-spacing of 1.26 nm). The second reflection (d-spacing of 1.86 

nm) shows a much larger difference compared to pristine clay and increases in relative 

intensity with respect to chitosan loading. This likely to be due to bilayers of chitosan 

intercalated between the clay layers. Regarding the composites prepared from chitosan-

2, a slight increase in d-spacing (from 1.26 nm to 1.48 nm) was observed for 90%Bt-

10%Ch-2 composites, but no observable intercalations were observed for 70%Bt-

30%Ch-2 and 50%Bt-50%Ch-2 composites. Although, a shoulder (with less significant 

shift) to the left of the reflections is slightly observed for both 70%Bt-30%Ch-2 

composites, which might represent a single layer of chitosan. Overall, the lower in 

reflection-shift towards lower angle (smaller d-spacing) for Bt-Ch-2 composites/beads 

(compared to Bt-Ch-1 composites/beads) may be attributed to the high molecular 

weight of chitosan-2.  The highly viscous nature of chitosan-2 resulted a poor mixing 

during preparation stage and may indicate more disordered within the clay layers.
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Figure 4.5: XRD patterns of (A) bentonite, Bt-Ch-1 composites/beads and (B) bentonite, Bt-Ch-2 composites/beads 
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Table 4.2: Assignments of FTIR Adsorption Bands for Bentonite clay and Chitosan 
biopolymers 

Wavenumbers (cm-1) Band Assignment 

3627 O-H stretching vibration of hydroxyl groups in Bt. clay 

3500 - 3000 
O-H stretching vibration of hydroxyl groups (both Bt. Clay and 
chitosan), N-H stretching vibrations of Amine groups (in 
chitosan). 

2875 Symmetric stretching vibrations of C-H bonds of -CH3/-CH2 groups 
in chitosan 

1648, 1635 
C=O stretching vibration of the carboxamide group (in chitosan), 
O-H deformation vibration of adsorbed water molecules (in Bt. 
Clay) 

1564 N-H bending vibration of amine groups in chitosan 

1420, 1314 C-H bending vibration of -C-H bonds in chitosan 

1026, 1003 
C-O stretching vibrations of -C-O groups (in chitosan), Si-O 
stretching vibration of montmorillonite in Bt. clay 

Note: Bt = Bentonite 

 

4.4. Conclusion 

A bio-hybrid and functional material based on natural, abundant, low-cost, and 

environmentally friendly resources was successfully synthesised. A series of bentonite -

chitosan composites (via solution blending method) and beads (via precipitation 

method) were prepared and characterised by TGA, XRD and FTIR. It was observed that 

higher product yield (%) was recovered for bead samples synthesised via the 

precipitation method, compared to the composite samples recovered through the 

solution blending method. This is attributed to loss of solubilised chitosan during the 

washing step of the products recovered via the solution blending method. The products 

synthesised via precipitation method (beads) contain more chitosan which is supported 

by the TGA results.  A high portion of chitosan can be washed away as evidenced through 

the solution blending method.  The XRD results show that a reasonable amount of 

chitosan has been intercalated into the interlayers of the clay for Bt-Ch-1 beads-A and 

Bt-Ch-1 composites, whereas much less has been intercalated with Bt-Ch-1 beads-B. 
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Similar result was obtained for beads-A and beads-B of Bt-Ch-2 samples. The calculated 

interlayer spacings increases with respect to chitosan loading and this correlates well 

with the results of TGA. The evidence shows that both mono- and bi-layer of chitosan 

were intercalated into clay layers for all Bt-Ch-1 composites. The higher d-spacing value 

obtained for Bt-Ch-1 beads-A (most especially for 50%Bt-50%Ch) are due to bilayers of 

chitosan intercalated between the clay layers. The chitosan is clearly interacting with 

the interlayers as there is clear evidence the chitosan is penetrating between the layers.  

Although, not all the chitosan may be in the interlayer region, perhaps the interlayer 

region is full and no more can enter.  The clay layers are not able to expand further than 

2 layers (i.e. become exfoliated) so any excess will be associated at the outer layers of 

clay stacks, at the edges of clay layer stacks and perhaps as an excess between stacks. 

Less intercalation of chitosan into clay layers for Bt-Ch-2 samples (compared to Bt-Ch-1) 

may be attributed to the high molecular weight of chitosan-2. FTIR results show that N-

H bands (in chitosan) shifted to lower wavenumbers for all the Bt-Ch composites and 

beads, this may be due to the extent of protonation, location in clay exchange sites and 

how chitosan interacts with clay. The application of using Bt-Ch composites/beads as an 

adsorbent for removal of heavy metals is described in Chapter 5, 6 and 7 of this thesis. 
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Chapter 5  

Adsorption of lead (Pb) onto Bentonite-Chitosan 
composites and beads: screening, optimisation, 
equilibrium, desorption, and mechanism studies 

5.1. Introduction 

The contamination of water by toxic metals, like lead (Pb), exceeding the permissible 

limits is an issue of great concern to the public with health implications. Adsorption with 

the combined use of composites (made from bentonite clays and chitosans) seems to 

be a promising technique for removal of toxic metals (e.g., Pb) from water. These 

developed functional composites have a lot of active adsorption sites (containing 

hydroxyl and amino groups of the chitosan biopolymer) capable of abstracting  Pb from 

water. Very few studies have been published on the adsorption of Pb by Bt-Ch 

composites. This work aims to gain more understanding of the adsorption of Pb by these 

composites; this includes chitosan loading, molecular weight, and their form, for 

example, how each component is distributed, and how they interact resulting from 

systematic preparation procedures.  

Batch adsorption procedures were used to study the removal of Pb ions (from aqueous 

solutions) by the Bt-Ch composites and beads. To fully understand the multiple factors 

affecting the adsorption process, a statistical design of experiments was explored in 

which two-level fractional factorial and I-optimal designs were used for screening and 

optimisation studies, respectively. During the screening phase, seven potential factors 

namely, pH, initial concentration, agitation rate, temperature, adsorbent dosage, 

agitation time and adsorbent type were examined for their significance on adsorption 

of Pb (II) onto Bt-Ch composites or beads. Only three variables (pH, initial concentration, 

and adsorbent dosage) as identified from the screening experiment and within the levels 

assessed were observed to have a significant effect on the adsorption of Pb (II) onto Bt-

Ch composites or beads. These significant variables were further examined in more 

detail for optimisation analysis. Optimum adsorption conditions were estimated by a 
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Figure 5.1: Water Bath Shaker equipment used for batch adsorption experiments 
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Table 5.1: Factors and their levels investigated during the screening stage in the batch adsorption experiments of  
Pb (II) onto Bt-Ch composites/beads 

Serial 

Number 
Code Factors  Unit 

Levels 

Lower values (-1) Higher values (+1) 

1 A pH --- 2 6 

2 B Initial concentration mg/L 50 250 

3 C Agitation rate rpm 180 280 

4 D Temperature °C 25 55 

5 E Adsorbent dosage g 0.1 0.5 

6 F Agitation time minute 10 60 

7 G Adsorbent type --- X Y 

Note: A - F are quantitative variables, while G is a categorical variable; X = Bt-Ch composites; Y = Bt-Ch beads 
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Table 5.2: Factors and their levels investigated during optimisation stage of the batch adsorption experiments of Pb (II) ions onto Bt-Ch 
composites/beads 

Levels 
 

Numeric continuous factors 
 

Categoric nominal factor 

  A-pH B-Adsorbent dosage (g) C-Initial concentration (mg/L)  D-Adsorbent type 
Low (-1)  2 0.05 50       Bt-Ch composites (X)    

Centre 
  point (0)  

 varied varied varied  Bt-Ch beads-A (Y) 

High (+1)  6 0.5 250  Bt-Ch beads-B (Z) 

Note: The centre points (0) for each continuous factor maybe slightly different due to the algorithms of the Optimal-I designs 
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released were quantitatively determined. To determine the possibility of leaching of 

these four cations from the adsorbents, a blank experiment was also conducted for the 

adsorbent with ordinary deionised water. The net release of cations was calculated by 

subtracting the amounts of cations released in the blank from the amounts of cations 

measured in the effluent after Pb (II) ions adsorption. 
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Figure 5.2: Pareto Chart for the seven factors (main effects and interactions) on the 
response analysis of adsorption capacity of Pb (II) onto 90%Bt-10%Ch-1 
composites/beads 

 Note: this chart was plotted and obtained from Design-Expert®13. Base 10 log 
transformation (k = 0); ANOVA = significant; R2 = 0.94; R2adj = 0.92; R2pred = 0.89; Shapiro-
Wilk test (W-value = 0.91 and p-value = 0.24) 

Similar trends were observed for 70%Bt-30%Ch-1, 50%Bt-50%Ch-1, 90%Bt-10%Ch-2, 
70%Bt-30%Ch-2, 50%Bt-50%Ch-2 composites/beads. 
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understand further the data generated (Figure 5.3). Figure 5.3a represent the normal 

probability plots of studentised residuals for adsorption capacity (mg/g). This plot 

indicates whether residuals follow a normal distribution, i.e., the points should lie on an 

approximately straight line without any apparent deviation. However, when the 

distribution is not normal, it signifies a nonlinear pattern, which may be corrected by a 

proper transformation [202]. As can be seen almost all data clearly lie on a straight line 

for both responses, and therefore, it can be assumed that they are normally distributed. 

Figure5.3b represents the correlation (relationship) between actual and predicted 

values of adsorption capacity (mg/g). The actual values are the measured values of the 

adsorption capacity obtained for 90%Bt-10%Ch-1 composites/beads, which was 

determined experimentally by using Equation 5.1. While, predicted values were 

generated by using Equations 5.9 to 5.11. As can be seen, the predicted values for 

adsorption capacity of 90%Bt-10%Ch-1 composites/beads for Pb(II) adsorption, 

obtained from the model, are in good agreement with the actual experimental data. It 

should be noted that these models predict data that was used to develop the model, 

and this may introduce some inherent bias for these models. 

The normal probability plot and the correlation graph for of the adsorption capacity 

(mg/g) of Pb(II) obtained for other adsorbents  have a similar trend as obtained for 

90%Bt-10%Ch-1 sample. 
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Figure 5.3: Normal probability plot of studentised residuals(a)  and correlation between actual and predicted values (b)  of Pb (II) ion adsorption capacity 
for 90%Bt-10%Ch composites/beads 

Note: these graphs were plotted and obtained from Design-Expert®13; similar trends were observed for 70%Bt-30%Ch-1, 50%Bt-50%Ch-1, 90%Bt-
10%Ch-2, 70%Bt-30%Ch-2, 50%Bt-50%Ch-2 composites/beads 
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5.3.2.2 Effects of main factors and their interactions  

The model-graphs showing the effect of each quantitative factor and 2-way interaction 

effects on the adsorption capacity (mg/g) of Pb(II) by 90%Bt-10%Ch-1 composites/beads 

are shown in Figure 5.4 and 5.5, respectively. The model-graphs (concerning the main 

effects and interaction terms) obtained for the remaining adsorbent samples shows a 

similar trend but not presented in this thesis. As shown in Figure 5.4(a, b, c), adsorption 

capacity of Pb ions increases from pH of 2 to 4,  maintained at this value from pH 4 to 5. 

The effect of the pH is more noticeable for beads (Figure 5.4b and c) ) compared to the 

corresponding composites (Figure 5.4a). In terms of adsorbent dosage, it was observed 

that the adsorption capacity of Pb(II) ions  decreases with an increase in the adsorbent 

dose from 0.05 to 0.5 g (Figure 5.4d, e, and f).  Regarding initial concentration( as shown 

in Figure 5.4g, h, and i), the Pb(II) adsorption capacities increases with initial 

concentration from 50 to 200 mg/L and then maintain this high value for the  remaining 

part of initial concentration (200 to 250 mg/L).  

In terms of the model-graphs showing 2-way interaction effects (Figure 5.5); when the 

effects of two factors appear as two non-parallel lines, it indicates that the effect of one 

factor depends on the level of another factor, and vice versa [202,203]. Interactive 

effects were observed for pH-adsorbent dosage (Figure 5.5a b and c) and adsorbent 

dosage-initial concentration (Figure 5.5a b and c). At higher adsorbent dose (0.5 g), the 

effect of pH was insignificant. However, the influence of solution pH was more 

pronounced at the lowest value of adsorbent dosage (0.05 g). 

Similar trends of the main and interactive effects were observed for all the remaining 

adsorbent samples. 

5.3.2.3 3D response surface plot  

To visualise the interactive influence among the significant variables on the adsorption 

of Pb (II) ions onto Bt-Ch composites/beads, a 3-dimensional (3D) response surface plot 

was used. The 3D response surface plots are graphical representation of regression 

equation showing the simultaneous interaction effect of two variables (on response), 

while maintaining the other variable constant [192,201].   



109 
 

(A) Interactive effect of solution pH and adsorbent dosage 

Figure 5.4(a, b, & c) shows the 3D response surface plot for the interaction effect of pH 

and adsorbent dosage (at constant 200 mg/L initial conc.) on Pb (II) adsorption capacity 

(mg/g) for 90%Bt-10%Ch-1 composites, beads-A and beads-B, respectively. It has been 

widely reported that the initial pH of the adsorbate solution plays a significant role in 

the adsorption process and this can affect the removal of heavy metal ions from aqueous 

solution [20]. Although the speciation experiment was not conducted in this study, from 

the study carried out by Yang et al. (2010) [66] to determine the relative proportion of 

Pb species as a function of pH, they found that about 99% of the Pb ions present in the 

solution (at pH of 2 to 5) were in the free form (i.e., Pb(II) ions) prior to sorption with 

Na-bentonite. In this study, It was observed that the adsorption capacity of Pb(II) ions 

per unit weight of adsorbent increased from 21.21 to 54.41 mg/g, 18.21 to 63.41 mg/g, 

and 28.60 to 72.87 mg/g for 90%Bt-10%Ch-1 composites, beads-A, and beads-B, 

respectively, with an increase in pH level from 2 to 5 (Figure 5.4-a, b and c, respectively). 

The observed decreased in Pb (II) ions uptake (mg/g) for all 90%Bt-10%Ch-1 adsorbent 

samples at pH 2 maybe due to competition from hydronium ions (H3O+) and protonated 

active sites of the adsorbent. At lower pH (highly acidic conditions) the active sites 

present in the adsorbent such as silanol groups (present on bentonite) and amino groups 

(present on chitosan biopolymer) are more protonated and hence, they are less 

available/less inclined for Pb (II) ion adsorption [70,204]. As the pH increases, the active 

sites (silanol and amino groups) on the adsorbent are largely deprotonated and thereby, 

encouraging more Pb(II) ions uptake by the adsorbent [204]. The influence of solution 

pH was more pronounced at the lowest value of adsorbent dosage (0.05g). Also, it was 

noticed that the pH (A) may have a slightly negative effect on the Pb (II) adsorption 

capacity in a non-linear manner (A2, check the coefficient in Appendix B6). Even though 

this quadratic effect of pH (A2) is minimal (in comparison to the linear effect of pH (A)), 

it is suspected that this could be the reason for the characteristic curve-shape of the 3D 

Surface plot. 

As shown in Figure 5.4  (a, b, and c), adsorbent dosage (B) was another significant factor 

but with a negative effect (check the coefficient in Appendix B6) on adsorption capacity 

(mg/g) of Pb (II) ions, it was also highly pH dependent. At the lowest pH value of 2, it was 

observed that the adsorption capacity of Pb (II) ions per unit weight of adsorbent 
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decreases from 21.03 to 13.72 mg/g, 18.19 to 10.64 mg/g, and 28.88 to 13.33 mg/g for 

90%Bt-10%Ch-1 composites, beads-A, and beads-B, respectively, with an increase in 

adsorbent dose from 0.05 to 0.5 g. At higher pH level of 5, the corresponding adsorption 

capacity of Pb (II) ions per unit weight of adsorbent decreases from 57.66 to 13.81 mg/g, 

65.17 to 13.99 mg/g, and 75.13 to 12.55 mg/g for 90%Bt-10%Ch-1 composites, beads-

A, and beads-B, respectively. So, the effect of adsorbent dosage was much more 

pronounced at higher pH in comparison to lower pH values. Generally, with an increase 

in adsorbent dose, more active adsorbent sites (Bt-Ch-1 composites/beads) remain 

uncovered during the adsorption process, thus the Pb (II) uptake capacity may decrease. 

This agrees with previous similar results reported in the literature [205,206]. Similar 

trends were observed for 70%Bt-30%Ch-1, 50%Bt-50%Ch-1, 90%Bt-10%Ch-2, 70%Bt-

30%Ch-2, 50%Bt-50%Ch-2 composites/beads.  

(B) Interactive effect of initial concentration and adsorbent dosage 

The effect of initial concentration (factor C) on the Pb (II) adsorption capacity (mg/g) is 

described in Figure 5.5 (a, b, & c), which represent the 3D surface plots for interaction 

effect of initial concentration and adsorbent dosage on adsorption capacity of Pb (II) 

ions (at constant pH 5) for 90%Bt-10%Ch-1 composites, beads-A, and beads-B, 

respectively. Due to mass transfer effects, adsorption of most heavy metals (e.g., Pb, Fe, 

etc.) are an extremely concentration-dependent process. This implies that the 

concentration driving force is directly proportional to the initial concentrations of the 

metal solutions, and consequently, the removal of metals ions depends on the initial 

concentration [206].  It was noticed that the effect of initial concentration on Pb (II) 

adsorption capacity is much more pronounced at lowest adsorbent dosage. At higher 

value of adsorbent dosage (0.5 g), and with an increase in initial concentration from 50 

to 250 mg/L the adsorption capacity of Pb (II) ions increases from 2.78 to 13.81 mg/g, 

2.81 to 13.99 mg/g, and 2.53 to 12.56 mg/g for 90%Bt-10%Ch-1 composites, beads-A, 

and beads-B, respectively, whereas at lowest value of adsorbent dosage (0.05 g), the 

corresponding adsorption capacity of Pb (II) ions increases are more pronounced from 

24.96 to 57.66 mg/g, 28.21 to 65.17 mg/g, and 32.08 to 74.11 mg/g.  At lower initial 

concentration of Pb(II) ions, although the adsorption process maybe extremely fast, 

most of the adsorbent active sites may remain unsaturated, and consequently this 

accounts for lower value of Pb (II) uptake (mg/g). At higher initial concentration, the 
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active sites available on the surface of the 90%Bt-10%Ch-1 composites/beads could be 

surrounded by more Pb (II) ions; therefore, Pb (II) ions are not only adsorbed in a 

monolayer at the outer interface of 90%Bt-10%Ch-1 composites/beads, but also diffuse 

within the adsorbent particles. Consequently, more Pb (II) ions uptake (mg/g) could be 

accomplished, and this is similar to what is frequently reported in previous literature 

[206,207].  

Similar trends were observed for 70%Bt-30%Ch-1, 50%Bt-50%Ch-1, 90%Bt-10%Ch-2, 

70%Bt-30%Ch-2, 50%Bt-50%Ch-2 composites/beads. 
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Figure 5.4: Graphs showing the effect of each factor on the  Pb(II) adsorption capacity by 
Bt-Ch composites (a, d, g), beads-A (b, e, h) and beads-B (c, f, i). 

Note: these graphs were plotted and obtained from Design-Expert®13; dashed lines 
represent 95% confidence interval bands of the experimental data; similar trends were 
observed for 70%Bt-30%Ch-1, 50%Bt-50%Ch-1, 90%Bt-10%Ch-2, 70%Bt-30%Ch-2, 50%Bt-
50%Ch-2 composites/beads 
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Figure 5.5: Graphs showing two-factor interactions and their effects on the Pb(II) adsorption capacity onto 90%Bt-10%Ch-1 composites/beads 

 Note: these graphs were plotted and obtained from Design-Expert®13; dashed lines represent 95% confidence interval bands of the experimental data; 
adsorbent X, Y and Z represent Bt-Ch composites, beads-A and beads-B, respectively. Similar trends were observed for 70%Bt-30%Ch-1, 50%Bt-50%Ch-1, 
90%Bt-10%Ch-2, 70%Bt-30%Ch-2, 50%Bt-50%Ch-2 composites/beads.  
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Figure 5.6: 3D response surface plot for the interaction effect of pH and adsorbent dosage (at constant 200 mg/L initial conc.) on Pb (II) adsorption 
capacity (a, b & c) for 90%Bt-10%Ch-1 composites, beads-A and beads-B, respectively 

Note: these 3D surface plots were plotted and obtained from Design-Expert®13; similar trends were observed for 70%Bt-30%Ch-1, 50%Bt-50%Ch-1, 

90%Bt-10%Ch-2, 70%Bt-30%Ch-2, 50%Bt-50%Ch-2 composites/beads 
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Figure 5.7: 3D response surface plot for the interaction effect of Initial conc. and adsorbent dosage (at constant pH 5) on Pb (II) adsorption 
capacity (a, b & c) for 90%Bt-10%Ch-1 composites, beads-A and beads-B, respectively 

Note: these 3D surface plots were plotted and obtained from Design-Expert®13; similar trends observed for 70%Bt-30%Ch-1, 50%Bt-50%Ch-1, 
90%Bt-10%Ch-2, 70%Bt-30%Ch-2, 50%Bt-50%Ch-2 composites/bead
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5.3.2.4 Optimisation of parameters for Pb(II) adsorption by Bt-Ch composite/beads 

A numerical optimisation was performed to determine the optimum point for the Pb(II) 

adsorption capacity (mg/g) by setting the target values of pH, adsorbent dosage, initial 

Pb(II) concentration, and selecting the specific adsorbents. The obtained optimal 

experimental conditions (selected by the models) estimated for the adsorption of Pb (II) 

by Bt-Ch-1 and Bt-Ch-2 composites/beads were pH of 4.5 and adsorbent dose of 0.05 g. 

The initial Pb (II) concentrations varied slightly, and therefore a harmonised value (i.e., 

150 mg/l) was chosen and used.  At these conditions, the predicted optimum Pb(II) 

adsorption capacity (mg/g) for Bt-Ch-1  and Bt-Ch-2 composites/beads are shown in 

Figure 6.7A and 6.7B, respectively. The optimum adsorption capacity estimated for both 

90%Bt-10%Ch-1 and 70%Bt-30%Ch-1 beads (A & B) is higher compared to corresponding 

composites. However, 50%Bt-50%Ch-1 composites show a slightly higher adsorption 

capacity compared to corresponding beads-A (but lower compared to beads-B). 

Concerning all Bt-Ch-2 samples, the predicted adsorption capacity (mg/g) estimated for 

beads (A & B) is higher compared to corresponding composites. These results show 

some correlation towards the amount of chitosan present in each of the composites or 

beads as evidenced by TGA analysis (Figure 4.4; Section 4.3.2), which accounts for more 

adsorption sites (probably amine groups of chitosan) available on the surface of the 

beads or composites.  The comparison of optimum adsorption capacity values obtained 

for various Bt-Ch composites and beads is only tentative, as this will be confirmed during 

the equilibrium isotherm modelling where the maximum adsorption capacity (Qmax) of 

respective adsorbents will be determined and compared. 

In summary, additional experimental runs were performed to confirm the robustness of 

the predicted model under these optimal conditions (selected above). As shown in Table 

5.3, the results obtained were within the accuracy and precision of the design space 

(95% for both prediction and confidence intervals), which indicates adequate 

predictability of the model for the response analysed.
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         Figure 5.8: Charts showing predicted optimum Pb(II) adsorption capacity (mg/g) for (A) Bt-Ch-1  and (B) Bt-Ch-2 composites/beads 
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Table 5.3: Confirmation of experimental runs for analysed Optimal-I design model (Pb-adsorption capacity) 
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5.3.2.5 Comparison of Pb uptake by pristine bentonite clay and Bt-Ch 

composites/beads 

To compare the Pb(II) adsorption capacity of pure bentonite with those of the prepared 

Bt-Ch composites/beads, a batch adsorption experiments were conducted with pure Na-

bentonite as an adsorbent. The design experimental conditions (i.e., experimental run 

#1, #2, and #3, as Tabulated in Appendix B2) were used to perform this experiment. As 

demonstrated in Figure 5.9, a major limitation noted when using pristine bentonite clay 

as an adsorbent for Pb(II) adsorption was difficulty in recovery of clay particles after 

adsorption process, centrifugation was required to recover the clay particles. 

 From the results of experimental runs #1, #2, and #3, the corresponding Pb uptake 

(mg/g) obtained for Na-bentonite were found to be 8.05, 0.59 and 1.57 mg/g, 

respectively (Figure 5.10A and 5.10B). The adsorption capacity (mg/g) using the same 

experimental conditions for all Bt-Ch-1 composites/beads were obtained and shown in 

Figure 5.10A (also check Appendix B3 ), and these show similar trends to those of Bt-Ch-

2 composites/beads (Figure 5.10B., Appendix B4 ). A comparison between these data 

shows some drastic improvement in Pb(II) uptake by Bt-Ch beads/composites (about 

50% more) when compared to pristine Na-bentonite.  

 

 
                           Figure 5.9: Filtration after batch adsorption experiments 
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Figure 5.10: Charts showing the Pb (II)  adsorption capacities (mg/g) of Na-bentonite as compared to values obtained for (A) Bt-Ch-1  and (B) Bt-Ch-2 
composites/beads 

Note: The experimental conditions of pH 3.5, 3.5, 5.0; an adsorbent dose of 0.28, 0.5, 0.2g; and initial Pb (II) concentration of 150, 50, 50mg/l for 
experimental run #1, #2, and #3, respectively (Appendix B2), were used to perform this experiment.   
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of Pb(II) ions by both Bt-Ch-1 and Bt-Ch-2 composites/beads is favourable under these 

experimental conditions. 

The Qmax value which represents the maximum adsorption capacity of Pb(II) ions at 

monolayer coverage as determined through the Langmuir isotherm, was much higher 

for Bt-Ch-1 beads compared to their corresponding, weight ratio, composites. This is 

expected since more chitosan as evidenced from TGA (Figure 4.4(A); Section 4.3.2) is 

present in the beads, and therefore, more possible active sites through the chitosan are 

available for Pb (II) adsorption. Similar Qmax values may be anticipated for both beads-A 

and beads-B because of the similar amounts of chitosan present, however this is not the 

case. The Qmax values obtained for beads-A are lower than those of the corresponding 

beads-B. This suggests that the distribution of chitosan within the inter layer space or 

external surfaces of the bentonite clay as evidenced by XRD results (Figure 4.5(A); 

Section 4.3.3) can affect Pb (II) uptake. XRD results indicate more chitosan is intercalated 

within the clay interlayers for beads-A, than for beads-B, and thus infers less chitosan is 

available for the adsorption of Pb ions. The more active sites for Pb(II) adsorption are 

therefore located with chitosan on external surfaces. In addition, the Qmax increases 

for beads-B with chitosan loading but not for beads-A (or composites). This confirmed 

that the chitosan available on the clay surface contributed more to Pb adsorption.   

Except for 90%Bt-10%Ch-2 beads-A, the obtained Qmax values were much higher for all 

other Bt-Ch-2 beads samples compared to their corresponding, weight ratio, 

composites. The comparison of the Qmax values obtained for both beads-A and beads-B 

of Bt-Ch-2 samples (Table 5.3) show similar trends to those obtained for Bt-Ch-1 beads 

(Table 5.2). On the other hand, the Qmax values obtained for Bt-Ch-2 composites samples 

(Table 5.3) were much higher (compared to their corresponding Bt-Ch-1 composites), 

even though there is less chitosan present in Bt-Ch-2 composites (compared to 

corresponding Bt-Ch-1 composites) as evidenced by TGA  (Figure 4.4; Section 4.3.2).   

This shows that there is no correlation between the Qmax values and the quantity of 

chitosan present in the Bt-Ch composites samples. Overall, the higher Pb(II) adsorption 

capacities were observed for Bt-Ch-2 samples compared to corresponding Bt-Ch-1 

adsorbents.  This may be due to a higher degree of deacetylation (DD) of Chitosan-2, 
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the removal of Pb(II) ions from a single-component solution using montmorillonite-

chitosan composite, where the Qmax value was found to be 47.95 mg/g, but it took more 

than 3 hours to attain equilibrium. In this regards, Bt-Ch composites/beads represents a 

good alternative for Pb (II) removal, considering its high loading capacity, fast adsorption 

equilibrium, and easy preparation of the composites/beads. 

The estimated adsorbent capacities (also referred to as Freundlich constant (KF)) 

determined from the Freundlich isotherms, are generally high for all the Bt-Ch 

composites/beads concerning Pb (II) adsorption. The Freundlich constant (KF) 

characterises the strength of the adsorption, and a higher KF value indicates that higher 

loading of adsorbate (such as Pb (II) ions) onto adsorbent could be achieved [48]. The 

observed Freundlich exponent (n) values calculated fall within the range of 0 to 1, and 

since it is closer to zero, this implies that the surfaces of these adsorbents in contact 

with Pb (II) ions are heterogeneous, a value below unity also usually suggests a 

chemisorption process [138]. 

 

Figure 5.11: The non-linear Langmuir and Freundlich isotherms for adsorption of Pb (II) 
by 90%Bt-10%Ch composites (adsorbent X) 

Note: pH = 4.5; adsorbent amount = 0.05 g; agitation time (at 230 rpm) = 60 minutes; 
Initial Pb concentrations = 10 - 500 mg/L; Each data-point represents mean ± standard 
deviation of three (3) different experiments (n = 3). 
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Table 5.4: The fitting parameters of Langmuir and Freundlich isotherms for the adsorption of Pb (II) onto Bt-Ch-1 composites or beads 
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Table 5.5: The fitting parameters of Langmuir and Freundlich isotherms for the adsorption of Pb (II) onto Bt-Ch-2 composites or beads 
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5.3.4. Effect of competing ions 

To investigate the selectivity of Bt-Ch composites/beads towards Pb (II) ions, batch 

adsorption experiments were conducted in the presence of other competing ions using 

multi-component metal solutions containing Pb (II), Zn (II), Cu (II), Ni (II) and As (III) ions 

each with initial concentration of 0.45, 1.58, 1.59, 1.71 and 1.43 mmol/L respectively. 

These metal concentrations are actually the same in terms of mass concentration (i.e., 

100 mg/L) but varies with molar concentration due to the molar mass of the respective 

metal ions. The removal percentages (%) of these metal ions from the multi-component 

solution by 90%Bt-10%Ch-1 and 90%Bt-10%Ch-2 are shown in Figure 5.12(A) and 

5.12(B), respectively. Similar plots for the other adsorbents vis; 70%Bt-30%Ch and 

50%Bt-50%Ch composites/beads are presented in Appendix B17 and B18, respectively. 

One can see that the adsorption of Pb(II) from multi-component solution by Bt-Ch 

composites/beads was significantly affected by the presence of other competing ions, 

and the calculated removal efficiency showed a lower value compared to that from a 

single component Pb(II) solution (Appendix B19). This is because available adsorption 

sites on these adsorbents cannot accommodate all these metal ions at the same time. 

Pb showed highest removal percentages for 90%Bt-10%Ch, 70%Bt-30%Ch and 50%Bt-

50%Ch composites and 90%Bt-10%Ch beads-A & beads-B, showing high affinity towards 

Pb, even in the presence of other competing ions. The common observation from these 

adsorbents is that they contain less chitosan in their composition as evidenced by TGA 

(Figure 4.4; Section 4.3.2).  Cu showed highest removal percentages with the 

adsorbents; 70%Bt-30%Ch and 50%Bt-50%Ch beads-A & beads-B and these adsorbents 

contain more chitosan.  It has been reported that among all the transition metals, Cu 

forms the most stable complexes with glucosamine (a monomer of chitosan 

biopolymer), and this correlates with the higher adsorption efficiency of Cu(II) ions by 

Bt-Ch beads [210]. Also, a binary adsorption study carried out by Ngah and Fatinathan 

(2009), showed that chitosan-triphosphate beads had higher affinity for Cu(II) ions in 

comparison to Pb(II) ions [199]. They reported that Cu(II) ions seem to be a stronger 

competitor, and its presence significantly depressed the adsorption of Pb(II) ions [199]. 

In general, the fact that the amount of Pb adsorbed by these adsorbents is reduced, the 
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overall total metal ion concentration adsorbed is more than that of Pb adsorbed when 

present alone. 
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Figure 5.12: Charts showing the % removal efficiency of various metal ions from multi-component solutions by (A) 90%Bt-10%Ch-1 and (B) 90%Bt-
10%Ch-2 composites/beads 

Note: In multi-component solution, the initial concentrations of Pb, Zn, Cu, Ni, and As were 0.45, 1.58, 1.59, 1.71 and 1.43 mmol/L respectively. These 
metal concentrations are actually the same in terms of mass concentration (i.e., 100 mg/L) but varies with molar concentration due to the molar mass 
of the respective metal ions; pH = 4.5; adsorbent amount = 0.2 g; agitation time (at 230 rpm) = 60 minutes. Each bar represents mean ± standard 
deviation of three (3) different samples (n = 3) 
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5.3.5. Desorption studies and characterisation of regenerated Bt-Ch 

composites/beads 

An appropriate adsorbent must not only be effective and have good adsorption capacity 

it should also have good potential for subsequent easy removal of metal ions [68,197]. 

Therefore, the desorption (recovery) of adsorbed Pb(II) ions and regeneration of Bt-Ch 

composites/beads were investigated. The results for the desorption (recovery) of 

adsorbed Pb(II)  ions by different HCl and EDTA concentrations ranging  from 1.0 x 102 

to 2.0 x 103 mmol/L and  1.0 to 5.0 x 102 mmol/L, respectively (corresponding to 1.0 x 

102 to 2.0 x 103 mEq/L and  1.0 to 5.0 x 102 mEq/L, respectively). The optimal recovery 

of Pb(II) ions was achieved with a 1.0 x 103 mmol/L HCl or 1.0 x 101 mmol/L EDTA 

aqueous solutions (corresponding to 1.0 x 103 mEq/L HCl or 1.0 x 101 mEq/L EDTA). Also, 

this concentration of HCl was chosen because chitosan is highly unlikely to be soluble, 

as demonstrated in our preliminary dissolution experiments.  

Regarding HCl (1.0 x 103 mEq/L) as a desorbing agent, the Pb (II) adsorption and 

desorption percentages recovered from 90%Bt-10%Ch-1 composites/beads are shown 

in Figure 5.13. The adsorption-desorption plots for all the adsorbent samples (I.e., Bt-

Ch-1 and Bt-Ch-2  composites/beads)  are presented in Appendix B20 and B21, 

respectively. The desorption percentages in the 1st cycle observed for all the adsorbents 

was above 80%. This value, though slightly lower compared to adsorption percentages 

(about 90 to 99%), still portrayed good recoveries. For practical applications, it is 

imperative to investigate the stability of the same adsorbent by re-using it in multiple 

regeneration processes (adsorption-desorption cycles) [68,197]. In this regard, serial 

adsorption-desorption steps were conducted up to five times, and the observed 

percentages obtained for both adsorption and desorption of Pb (II) ions remained similar 

as those obtained for the first initial adsorption-desorption cycle. This indicates that all 

the used adsorbents were stable without apparent loss of the adsorption capacity up to 

at least 5 cycles. Similar trends were observed for all other adsorbents, excluding 90%Bt-

10%Ch-2 and 50%Bt-50%Ch-2 composites samples. Although the desorption 

percentages obtained for both 90%Bt-10%Ch-2 and 50%Bt-50%Ch-2 composites 

samples remained steady, the adsorption of Pb (II) ions decreased significantly from 
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stage one to five. Even though a small amount of Pb (II) remains bound to Bt-Ch 

composites/beads after each desorption process, the subsequent adsorption process 

was excellent, effective and remained the same. The moderate consistency of the 

removal efficiency (%) observed for all adsorbents could be attributed to the sufficient 

active sites (such as amino groups of chitosan) available for each successive adsorption. 

This implies that, chitosan is still present in the regenerated Bt-Ch composites/beads.  

In terms of EDTA (1.0 x 101 mEq/L ) as a desorbing agent, the Pb (II) adsorption and 

desorption percentages recovered from 90%Bt-10Ch-1 composites/beads are shown in 

Figure 5.14. The adsorption-desorption plots for all the adsorbent samples (I.e., Bt-Ch-1 

and Bt-Ch-2  composites/beads)  are presented in Appendix B22 and B23, respectively. 

Generally, a better desorption percentage (about 90 to 99%) were achieved with EDTA 

(compared with HCl), and these values are higher compared to adsorption percentages 

which indicates excellent recoveries of Pb(II) ions. 

Overall, the results indicated that the Bt-Ch composites/beads exhibited good 

reusability and can be recovered for consecutive uses. 

 
Figure 5.13: Charts showing the serial % Adsorption/Desorption of Pb (II) ions adsorbed 
onto 90%Bt-10%Ch-1 composites/beads. 

Note: Initial Pb(II) concentrations = 1.44 mEq/L (corresponding to 150 mg/L); pH = 4.5; 
adsorbent amount = 0.2 g; adsorption agitation time (at 230 rpm) = 10 minutes; 
desorbing agent = HCl (1.0 x 103 mEq/L); desorption agitation time (at 230 rpm) = 120 
minutes. Each bar represents mean ± standard deviation of three (3) different samples 
(n = 3). 
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Figure 5.14: Charts showing the serial % Adsorption/Desorption of Pb (II) ions adsorbed 
onto 90%Bt-10%Ch-1 composites/beads 

Note: Initial Pb(II) concentrations = 1.44 mEq/L (corresponding to 150 mg/L); pH = 4.5; 
adsorbent amount = 0.2 g; adsorption agitation time (at 230 rpm) = 10 minutes; 
desorbing agent = EDTA (1.0 x 101 mEq/L); desorption agitation time (at 230 rpm) = 120 
minutes. Each bar represents mean ± standard deviation of three (3) different samples 
(n = 3). 
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were slightly greater than 1.0, this result indicates that the amount of Pb (II) ions 

adsorbed was slightly greater than (or equal to) the sum of the cations released. This 

proves that an ion-exchange mechanism with the bentonite plays some role in the 

adsorption of Pb (II) ions onto Bt-Ch composites/beads. At low initial Pb (II) 

concentration of 10 mg/L, lower Rb/r values were observed for Bt-Ch beads compared to 

their corresponding composites. The graphs showing the simultaneous adsorption of Pb 

(II) ions and displacement of Na+, Ca2+, Mg2+, K+, and H+ by 90%Bt-10%Ch 

composites/beads are shown in Figure 5.15. Similar graphs for other adsorbent samples 

are presented in Appendix B24. As can be seen, the amount of Pb (II) ions adsorbed onto 

all the adsorbents is proportional to the initial concentration of Pb (II) solution. Except 

for the Na+ ion, the release of the other three cations (Ca2+, Mg2+, K+) during the uptake 

of Pb (II) ions was insignificant. This is expected since the layered silicate used as starting 

material for composite/beads formation is the modified Na-bentonite type. The 

amounts of Na+ cations released are small for all the composites compared to their 

corresponding beads. Unlike beads, the  amounts of Na+ cations released during 

adsorption of Pb(II) does not show steady trend as the initial concentration Pb(II) ions 

increases. This may be due to the high portion of Na+ ions been exchanged (with 

chitosan) and washed away during the centrifugation or washing stage of the composite 

formation via the solution method. However, the amount of Na+ ions released (for 

90%Bt-10%Ch beads-A/beads-B) during the adsorption  is almost twice the amount of 

Pb(II) ions adsorbed and increases with Pb (II) concentrations. This showed that Na+ 

cations played some role in the ion-exchange process for the 90%Bt-10%Ch beads-

A/beads-B. Except for 70%Bt-30%Ch beads-B, similar trends were observed for other 

adsorbents (70%Bt-30%Ch beads-A, 50%Bt-50%Ch beads-A, and 50%Bt-50%Ch beads-

B).  

To further understand the adsorption process of Pb(II) ions, FTIR spectra were collected 

for Bt-Ch composites/beads before and after Pb (II) adsorption to identify the possible 

sites of Pb (II) binding. Unfortunately, no major changes or evidence was observed. 

Previous study reported that both nitrogen and oxygen atoms (of the amino and 

hydroxyl  groups, respectively) are the main adsorption sites for Pb(II) ions during the 

adsorption of Pb(II) ions onto chitosan-immobilized-on-bentonite composites [89]. But 

contribution of oxygen atoms seems to be less significant compared to nitrogen atoms 
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[215]. There are lone pairs of electrons on both nitrogen and oxygen atoms which can 

be complexed with metal ions via electron pair sharing, however due to the stronger 

attraction of the lone pair of electrons to the nucleus associated with the oxygen atom 

compared to that in the nitrogen atom, the tendency to donate the lone pair of electrons 

for sharing with a metal ion will be greater for nitrogen atoms than with oxygen atoms 

[215]. The nitrogen groups must therefore contribute majorly to the Pb (II) adsorption 

process which as described by the Freundlich isotherm fitting is chemical adsorption. 

Overall, the scheme illustrating the possible adsorption mechanisms concerning the 

adsorption of Pb(II) ions onto Bt-Ch composites/beads is shown in Figure 5.16. 
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Table 5.7: The Rb/r values at different Pb (II) concentrations for respective Bt-Ch composites/beads 
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Figure 5.15: Graphs showing the adsorption of Pb (II) ions and displacement of Na+, Ca2+, Mg2+, K+, and H+ by 90%Bt-10%Ch composites/beads 

Note: Initial Pb concentrations = 2.5 - 90 mg/L; pH = 4.5; adsorbent amount = 0.05 g; adsorption agitation time (at 230 rpm) = 60 minutes. Each bar 
represents mean ± standard deviation of three (3) different experiment (n = 3).
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Figure 5.16: Scheme illustrating possible adsorption mechanisms concerning Pb(II) 
adsorption onto Bt-Ch composites/beads 

5.3.7. Conclusion  

The capability of different forms of prepared Bt-Ch composites/beads as an adsorbent 

have been investigated for their ability to remove Pb(II) ions from aqueous solution. This 

study demonstrated how to apply screening and optimal-I designs for identifying and 

optimising significant parameters for adsorption of Pb (II) ions with multiple adsorbents. 

It was observed that adsorption capacity (mg/g) of Pb (II) increases with pH and initial 

concentration and decreases with adsorbent dosage. On the other hand, the adsorption 

efficiency (%) of Pb (II) increases with pH and adsorbent dosage but decreases with initial 

concentration. The optimisation of the Pb(II) adsorption onto multiple adsorbents (Bt-

Ch composites/beads) was carried out utilising a numerical optimisation tool. The 

optimal experimental conditions (pH = 4.5 and adsorbent dosage =0.05 g) obtained from 

surface response-optimal-I designs were used to perform an adsorption equilibrium 

study.  The adsorption experimental data correlated well with both Langmuir and 

Freundlich isotherm models. High maximum Pb(II) adsorption capacities, Qmax, were 

recorded from 42.48 ± 4.22 to 94.60 ± 5.63 mg/g and 57.74 ± 3.23 to 96.60 ± 0.83 for Bt-

Ch-1 and Bt-Ch-2 composites/beads, respectively. The Chitosan type (used to form the 

composites/beads), composition of Bt-Ch composites/beads, as well as chitosan 

distribution within the interlayer space of the bentonite clay has a pronounced effect on 

the Pb(II) uptake.  In single-component Pb(II) solutions, excellent extents of adsorption 
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were obtained for all the prepared Bt-Ch beads/composites. Adsorption of Pb (II) from 

multi-component solution by Bt-Ch composites/beads was significantly affected by 

presence of other competing ions (including Zn, Cu, Ni, and As ions). The developed Bt-

Ch composites/beads exhibited good potential for re-use after many cycles of 

regeneration up to the fifth cycle. Thus, indicating the potential of using Bt-Ch 

beads/composites as a cost-effective adsorbent for removal of Pb (II) ions from both 

drinking and wastewater. Both chemisorption process (complexation) and physical 

adsorption (ion-exchange process) are the main mechanisms regarding the adsorption 

of Pb (II) onto Bt-Ch composites/beads. 
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and effects of competing ions towards co-adsorption of Pb(II) and Cu(II)adsorption were 

investigated.  

6.2. Experimental 

6.2.1. Materials 

In this study, only two adsorbent samples were tested for co-adsorption of Pb(II) and 

Cu(II) ions; 70%Bt-30%Ch-1 composites and beads-B were prepared as described from 

Chapter 4. All chemicals were obtained as described in Section 5.2.1. 

6.2.2. Adsorption experiments 

The batch adsorption procedure as described in Section 5.2.2 was used. The batch 

adsorption experiment was designed based on Optimal-I designs (Appendix C1). In this 

study, screening experiment was not conducted because fewer adsorbent was tested 

and all the factors (including pH, Initial concentration, adsorbent dosage) were 

examined (Optimal-I designs) for their effects (and significance) on the co-adsorption of 

Pb(II) and Cu(II) onto Bt-Ch composites/beads. Careful consideration was looked into 

during this sorption experiment as these metals can easily precipitates at higher pH 

levels. For instance, the Cu(II) ion, also known as the cupric ion, is soluble and exists as 

a free form particularly in low pH conditions (generally below pH 6), and above the pH 

of 6.0, it precipitates readily as copper hydroxide [216]. Similar chemistry was observed 

for Pb ions as indicated in Section 5.2.2. Therefore, the adsorption experiments were 

carried out at pH of less than 6 to ensure Pb and Cu ions are removed just by adsorption 

processes without the effect of precipitation. In this study, the effect of pH was 

examined by varying the pH value from 2 to 6. 

The quantitative measurements of Pb(II) and Cu(II) ions were carried out using the 

Agilent 5110 ICP-OES instrument using wavelengths of 220.353 nm and 327.395 nm, 

respectively. The operating conditions of instrument are as stated in Section 3.2.1. 
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Table 6.1: Factors and their levels investigated for co-adsorption of Pb(II)  and  Cu(II) ions onto Bt-Ch composites/beads 

Levels 
 

Numeric continuous factors 
 

Categoric nominal factor 

  A-pH B-Adsorbent dosage (g) C-Initial concentration 
(mg/L) 

D-Agitation time 
(min) 

  E-Adsorbent type 

Low (-1) 

Centre  
point (0) 

  

 2 

varied 

0.05 

varied 

50 

varied 

10 

varied 

 

 

X 

-- 

High (+1)  6 0.5 250 300   Y 

Note: X = Bt-Ch composites; Y = Bt-Ch beads-B 
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6.3. Results  

6.3.1. Surface Response: I-optimal designs 

In this study, only one response (i.e., adsorption capacity, mg/g) was used for the 

analysis of the optimal model related to both Pb(II) and Cu(II) adsorption. Although, the 

adsorption of these metals was done simultaneously, DoE has made it possible to assess 

each metal separately. The results for the 30 experimental-runs with their 

corresponding experimental and predicted response (adsorption capacity) for Pb(II) and 

Cu(II) ions adsorption onto Bt-Ch composites/beads are presented in Appendix C1. The 

mathematical relationships between the four studied independent factors (i.e., pH, 

adsorbent dose, initial concentration, and agitation time) and the response (adsorption 

capacity) were also provided by Design Expert 13 software. The equation in terms of 

actual factors (with regards to respective adsorbent (X & Y) which describes the various 

parameters regarding the Pb(II) adsorption onto Bt-Ch composites are all shown in 

Equations 6.2 and 6.3 respectively. While the equations related to Cu(II) adsorption are 

presented in Equations 6.4 and 6.5, respectively. 
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6.3.1.2 Effects of main factors and their interactions  

Model-graphs showing the effect of each quantitative factor on the adsorption capacity 

(mg/g) of Pb(II) and Cu(II) by 70%Bt-30%Ch composites (adsorbent X) are shown in 

Figure 6.2. The model-graphs (concerning the main effect on the Pb(II) and Cu(II) 

adsorption) obtained for the second adsorbent sample (70%Bt-30%Ch beads) show a 

similar trend and is not presented herein. Generally, similar trends were observed for 

the effects of these factors towards both Pb(II) and Cu(II) adsorption. As can be seen in 

Figure 6.2 (a/d), adsorption capacity or Pb and Cu ions increases from pH of 2 to 4.5, 

maintained at this high value at pH 5 and then slightly decreases at pH 6. In terms of 

adsorbent dosage, it was observed that the adsorption capacity of Pb(II) ions slightly 

decreases with an increase in the adsorbent dose from 0.05 to 0.2 g (Figure 6.2b).  

However, adsorption capacity of Cu(II) ions slightly decreases initially (and then 

increases) as adsorbent dose increases from 0.05 to 0.2 g (Figure 6.2e). Regarding initial 

concentration, the Pb(II) and Cu(II) adsorption capacities slightly increase with initial 

concentration from 50 to 150 mg/L and then slightly decreases for the  remaining part 

of initial concentration (200 to 250 mg/L).  

The model-graphs showing 2-way interaction effects on the Pb(II) and Cu(II) adsorption 

capacity are presented in Figure 6.3 and Figure 6.4, respectively.  When the effects of 

two factors appear as two non-parallel lines, it indicates that the effect of one factor 

depends on the level of another factor, and vice versa [202,203]. Concerning Pb(II) 

adsorption capacity, the interactive effects were only observed for adsorbent dosage-

initial concentration (BC). Similar trends for this interactive effect were observed for 

both  Bt-Ch composites (adsorbent X) and beads (adsorbent Y). 

Regarding Cu(II) adsorption capacity, interactive effects were observed for pH-

adsorbent dosage (AB), pH-initial concentration (AC), and adsorbent dosage-initial 

concentration (BC). Also, the way these factors interacted with regards to Cu(II) 

adsorption differed slightly for the two adsorbents (Bt-Ch composites and beads).  

6.3.1.3 The 3D response surface plots and combined effects of significant factors 

(A) Pb(II) adsorption capacity (mg/g) of Bt-Ch composites/beads 
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Concerning Pb(II) adsorption capacity (mg/g) of Bt-Ch composites/beads, the 3D 

response surface plot for the combined or interaction effect of adsorbent dosage and 

initial concentration, while the pH of the solution and agitation time were kept constant 

at 4.5  and 60 minutes, respectively, is shown in Figure 6.5. Pb(II) adsorption capacity 

(mg/g) of the Bt-Ch composites or beads slightly increases, when the initial 

concentration of the binary solution was increased from 50 to 150 mg/L, but flattened 

out when the initial concentration varied from 150 to 250 mg/L.  It was noticed that the 

effect of initial concentration on Pb(II) adsorption capacity is much more pronounced at 

lowest adsorbent dosage. It was noticed that the initial concentration has a strong 

negative effect on the Pb(II) adsorption capacity in a non-linear manner (C2, check the 

coefficient in Appendix C2). The strength of this quadratic effect (C2) is greater (but 

opposing sign) in comparison to the linear effect contributed to the curve-shape of the 

3D plot in the direction of initial concentration. 

In terms of adsorbent dosage, it was observed that, the adsorption capacity (mg/g) of 

Pb(II) ions slightly decreased with an increase in the adsorbent dose from 0.05 to 0.2 g. 

The influence of adsorbent dosage may have a positive effect on the P(II) adsorption 

capacity in a non-linear manner (B2, check the coefficient in Appendix C2). The quadratic 

effect of adsorbent dosage (B2) was observed to have a similar strength (but opposing 

sign) in comparison to the linear effect of adsorbent dosage (B), which may account for 

the slight characteristic curve-shape of the 3D surface response  plot.  

(B) Cu(II) adsorption capacity (mg/g) of Bt-Ch composites/beads 

The 3D surface response plots showing all the combined effects on the Cu(II) adsorption 

capacity are presented in Figure 6.6 and described below. 

�™ Interactive effect of solution pH and adsorbent dosage 

Figure 6.6a and 6.6d show the 3D response surface plot for the interaction effect of pH 

and adsorbent dosage (at constant initial conc. of 150 mg/L and agitation time of 60 

minutes) on Cu(II) adsorption capacity (mg/g) for Bt-Ch composites and beads, 

respectively. We made the assumption that under the experimental pH condition, Cu 

and Pb metal ions in the binary solutions would exist primarily in the form of free Cu(II) 

and Pb(II) ions [66,216]. At lower adsorbent dosage, the adsorption capacity (mg/g) of 

Cu(II) ions increases for both adsorbents (i.e., 70%Bt-30%Ch composites and beads), 

with an increase in pH from 2  to 6. At very acidic medium (i.e., low pH level),  the 
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hydronium ions (H3O+) are at high concentration, which then compete with Cu(II) ions 

for available active sites during adsorption. This accounts for the lower amount of Cu(II) 

uptake (mg/g) at lower pH of 2.  However, as the pH increases, less hydronium ions 

(H3O+) will be present and thereby, allowing more Cu(II) ions uptake by the adsorbent 

[204]. At higher adsorbent dose (0.2 g), the adsorption capacity of Cu(II) ions slightly 

increases and then decreases for both adsorbents as pH of the solution increases from 

2 to 6. It was observed that the pH has a strong negative effect on the Cu(II) adsorption 

capacity in a non-linear manner (A2, check the coefficient in Appendix C3). The observed 

quadratic effect of pH (A2) has a similar strength (but opposing sign) in comparison to 

the linear effect of pH (A), which may account for the slight characteristic curve-shape 

of the 3D surface response  plot.  

In terms of adsorbent dosage: at lower pH, the adsorption capacity (mg/g) of Cu(II) ions 

slightly increases for both adsorbents, with an increase in adsorbent dose from 0.05  to 

0.2 g. However, at higher pH, the adsorption capacity (mg/g) of Cu(II) ions slightly 

decreases for both adsorbents as adsorbent dose increases from 0.05  to 0.2 g. The 

influence of adsorbent dosage may have a positive effect on the adsorption capacity 

(mg/g)  in a non-linear manner (B2, check the coefficient in Appendix C3). The quadratic 

effect of adsorbent dosage (B2, check the coefficient in Appendix C3) is minimal and have 

a similar strength (but opposing sign) in comparison to the linear effect of adsorbent 

dosage (B).  

�™ Interactive effect of solution pH and initial concentration 

Figure 6.6b and 6.6e shows the 3D response surface plot for the interaction effect of pH 

and initial concentration (at constant adsorbent dosage of 0.05 g and agitation time of 

60 minutes) on Cu(II) adsorption capacity (mg/g) for Bt-Ch composites and beads, 

respectively. At lower initial concentration, the adsorption capacity (mg/g) of Cu(II) ions 

increases, and then slightly decreases for both adsorbents as pH of the solution increase 

from 2  to 6. However, at higher initial concentration, the adsorption capacity (mg/g) of 

Cu(II) ions increases as pH varies from 2  to 6. 

In terms of initial concentration: at lower pH, the adsorption capacity (mg/g) of Cu(II) 

ions slightly increases for both adsorbents as initial concentration varies from 50  to 250 

mg/L. But at higher pH, the adsorption capacity (mg/g) of Cu(II) ions slightly increases 

(and then, decreases) for Bt-Ch composites as initial concentration increases from 50  to 
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250 mg/g. However, as for the Bt-Ch beads, the adsorption capacity (mg/g) of Cu(II) ions 

increases when the initial concentration varies from 50  to 250 mg/g. Overall, the 

influence of initial concentration may have a negative effect on the adsorption capacity 

(mg/g)  in a non-linear manner (C2, check the coefficient in Appendix C3). The quadratic 

effect of initial concentration (C2, check the coefficient in Appendix C3) have a similar 

strength (but opposing sign) in comparison to the linear effect of initial concentration 

(C).  

�™ Interactive effect of adsorbent dosage and initial concentration 

Figure 6.6c and 6.6f shows the 3D response surface plot for the interaction effect of 

adsorbent dosage and initial concentration (at constant pH of 4.5 and agitation time of 

60 minutes) on Cu(II) adsorption capacity (mg/g) for Bt-Ch composites and beads, 

respectively. At both lower and higher initial concentration, the adsorption capacity 

(mg/g) of Cu(II) ions slightly increases for Bt-Ch composites (but decreases for Bt-Ch 

beads) as adsorbent dose increases from 0.05  to 0.2 g. The quadratic effect of adsorbent 

dosage (B2) has been previously discussed above. 

In terms of initial concentration: at both lower and higher adsorbent dosage, the 

adsorption capacity (mg/g) of Cu(II) ions slightly increases for both adsorbents as initial 

concentration varies from 50  to 250 mg/L. The quadratic effect of initial concentration 

(C2) has been previously discussed above.  
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Figure 6.2: Graphs showing the effect of each factor on the  Pb(II) adsorption capacity (a-c) and Cu(II) adsorption capacity (d-f) by Bt-Ch composites. 
 

Note: these graphs were plotted and obtained from Design-Expert®13; dashed lines represent 95% confidence interval bands of the experimental data; 

(a/d) A-pH; (b/e) B-Adsorbent dose; (c/f) C-Initial concentration. Similar trends were observed for second adsorbent (Y = Bt-Ch beads). 
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Figure 6.3: Figure Graphs showing two-factor interactions and their effects on the Pb(II) adsorption capacity 

Note: these graphs were plotted and obtained from Design-Expert®13; dashed lines represent 95% confidence interval bands of the experimental data 
(a/b) Adsorbent dosage-Initial conc. (a) Adsorbent X = Bt-Ch composites; (b) Adsorbent Y = Bt-Ch beads. 
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Figure 6.4: Figure Graphs showing two-factor interactions and their effects on the Cu(II) adsorption capacity (mg/g) 
Note: these graphs were plotted and obtained from Design-Expert®13; dashed lines represent 95% confidence interval bands of the experimental data; 
(a/d) pH-Adsorbent dosage; (b/e) pH-Initial conc.; (c/f) Adsorbent dosage-Initial conc.; (a, b and c) Adsorbent X =  Bt-Ch composites; (d, e and f) 
Adsorbent Y = Bt-Ch beads. 
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Figure 6.5: 3D response surface plots showing the combined effect of significant factors on the Cu(II) adsorption capacity (mg/g)  

Note: these 3D surface plots were plotted and obtained from Design-Expert®13; (a/b) adsorbent dosage and initial concentration (at constant pH of  
4.5 and  agitation time of 60 minute).  (a) Adsorbent X = Bt-Ch composites; (b) Adsorbent Y = Bt-Ch beads. 
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Figure 6.6: 3D response surface plots showing the combined effect of significant factors on the Cu(II) adsorption capacity (mg/g)  

Note: these 3D surface plots were plotted and obtained from Design-Expert®13; (a/d) pH and adsorbent dosage (at constant initial conc. of 150 mg/L 
and  agitation time of 60 minute); (b/e) pH and initial concentration (at constant adsorbent dosage of 0.05 g and  agitation time of 60 minute) ; (c/f) 
adsorbent dosage and initial concentration (at constant pH of 4.5 and  agitation time of 60 minute);   (a, b and c) Adsorbent X =  Bt-Ch composites; (d, 
e and f) Adsorbent Y = Bt-Ch beads  
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6.3.1.4 Optimisation of parameters for Pb(II) and Cu(II) ions adsorption by Bt-Ch 

composites/beads 

The optimum conditions were derived so that there was a balance and an optimum 

adsorption for each of Pb and Cu ions was achieved. The experimental conditions 

selected to achieve this optimum adsorption were pH of 4.5, adsorbent dose of 0.05, 

initial concentrations of 150 mg/l, and agitation time of 60 minutes. Contour graphs 

(although not presented in this thesis) were used to estimate the optimum adsorption 

capacity and the obtained values are shown in Figure 6.7.  As can be seen, the adsorption 

capacities values obtained for Pb(II) ions by Bt-Ch composites and beads were 17.67 

mg/g and 19.85 mg/g, respectively. Also, the adsorption capacities values obtained for 

Cu(II) ions by Bt-Ch composites and beads were 12.67 mg/g  and 22.94 mg/g, 

respectively. Relative to Pb, the optimum adsorption capacity of Cu ions obtained for 

beads was higher. However, for composites, the results were in contrast whereby the 

optimum adsorption capacity of Pb ions obtained was significantly higher compared to  

the value obtained for Cu ions. This demonstrates that composites have high affinity 

towards Pb, while beads show a strong affinity towards Cu during competitive 

adsorption. It has been reported that among all the transition metals, Cu forms the most 

stable complexes with glucosamine (a monomer of chitosan biopolymer), and this 

correlates with the higher loadings of Cu ions by Bt-Ch beads [210]. Higher Pb adsorption 

for composites is attributed to higher contribution from clay adsorption sites because 

there is less chitosan as evidenced from TGA results (Figure 4.4A; Section 4.3.2). 

Under these conditions, the simultaneous adsorption of Pb(II) and Cu(II) ions was tested 

with one of the adsorbents (sample X; Bt-Ch composites) to confirm the robustness of 

the predicted model. As shown in Table 6.2, the experimental values (adsorption 

capacity) obtained from confirmation runs was found to be 18.52 ± 0.73 mg/g and 13.30 

± 0.25 mg/g which agrees well with the predicted values of 17.67 ± 1.24 mg/g and 12.67 

± 1.73 mg/g for Pb(II) and Cu(II) ions, respectively. The accuracy and precision of the 

design space is within 95% for both prediction and confidence intervals. 

 



160 
 

 
Figure 6.7: Charts showing predicted optimum Pb(II) and Cu(II) adsorption capacity 
(mg/g) for 70%Bt-30%Ch composites/beads 

 
Table 6.2: Confirmation of experimental runs for analysed Optimal-I design model 

 

6.3.2. Adsorption Isotherm studies 

The equilibrium adsorption data for the co-adsorption of Pb(II) and Cu(II) were fitted 

with various non-linear single- and multi-component isotherm models. In terms of 

single-component isotherms, both Langmuir and Freundlich equations were used. 

However, non-modified Langmuir, modified Langmuir and extended Freundlich model 

equations were further employed for multi-component isotherm modelling. Figure 6.8  

illustrates both single- and multi-component isotherms models for co-adsorption of 

Pb(II)-Cu(II) by 70%Bt-30%Ch composites. Similar isotherm plots for the second 
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adsorbent sample (70%Bt-30%Ch beads) is presented in Appendix C4, but the calculated 

values (or constants) obtained from isotherm equations for  the two adsorbent samples 

are presented in Table 6.3. 

6.3.2.1 Single-component Isotherm modelling  

Generally, the equilibrium data obtained from co-adsorption of Pb(II)-Cu(II) ions (onto 

Bt-Ch composites/beads) correlated well with both Langmuir and Freundlich isotherms 

studied (correlation coefficient, R2 = 0.999) Also, the chi-square (X2) values obtained 

were quite similar, indicating that under these experimental conditions, both monolayer 

and heterogeneous adsorption processes may coexist. This is like the previous 

adsorption isotherm studies of Pb(II) ions in a single-metal system as reported in Section 

5.3.4. However, the Qmax value (based on the Langmuir isotherm) obtained in this binary 

study were twice or three times lower compared to the Qmax values obtained from the 

previous single Pb study for 70%Bt-30%Ch composites and beads, respectively (Table 

5.2; Section 5.3.4). This result demonstrates that Cu(II) ions compete with  Pb(II) ions for 

the available adsorption sites (on the Bt-Ch composites/beads) and reduces Pb(II)-

loadings significantly. This is similar to the previous binary adsorption study  carried out 

by Ngah and Fatinathan (2010), which showed that the Pb uptake (mg/g) by chitosan-

triphosphate beads in a binary metal system (Pb-Cu) was three times lower compared 

to the value obtained by the same adsorbent in a single metal system [199]. In terms of 

adsorbent performance, the Qmax value (for both Pb and Cu)  is higher for Bt-Ch beads 

(both individually and combined totals) compared to the corresponding composites 

(Table 6.3). This is because more chitosan is present in the beads as evidenced from TGA 

(Figure 4; Section 4.3.2) and therefore, more active sites through the chitosan are 

available for simultaneous adsorption of Pb(II) and Cu(II) ions. The maximum adsorption 

capacities (Qmax) values obtained for Pb(II) ions by Bt-Ch composites and beads were 

18.26 ± 1.73 mg/g and 21.05 ± 3.70 mg/g, respectively. Also, the adsorption capacities 

values obtained for Cu(II) ions by Bt-Ch composites and beads were 12.15 ± 0.51 mg/g  

and 24.06 ± 0.44 mg/g, respectively. The trends in the Qmax values were similar to those 

optimum adsorption capacity values (Figure 6.7) obtained in the previous Section 

6.3.1.4. 
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The RL values were calculated using Equation 2.14 (Section 2.5.4.1)  and are given in 

Table 6.3 for co-adsorption of Pb(II) and Cu(II) onto Bt-Ch composites/beads. In this 

study, the values of RL  have been found to be below 1.0 for both Pb(II) and Cu(II) ions, 

showing that the simultaneous adsorption of Pb(II) and Cu(II) by Bt-Ch 

composites/beads is favourable under the current experimental conditions. 

From the Freundlich isotherms, the estimated Freundlich constant (KF) values obtained 

(in this study, binary-metal system) for Pb(II) ions by Bt-Ch composites and beads were 

8.88 ± 1.39  and 13.27 ± 2.52, respectively. These values were much lower compared to 

the KF values obtained from previous study (i.e., single-metal system) for Pb(II) ions by 

Bt-Ch composites and beads, i.e., 1.3 x 105, and 6.9 x 104, respectively (Check Table 5.2; 

Section 5.3.4). The values of KF obtained for Pb(II) ions were slightly higher compared to 

values obtained for Cu(II) ions regarding the binary adsorption by Bt-Ch 

composites/beads (Table 6.3). The Freundlich constant (KF) characterises the strength 

of the adsorption, and a higher KF value indicates that higher loading of adsorbate (such 

as metal ions) onto adsorbent could be achieved [48]. This explains (for composites, and 

not beads) the higher maximum adsorption capacity obtained for Pb (18.26 ± 1.73 mg/g) 

compared to the amount obtained for Cu (12.15 ± 0.51 mg/g; Table 6.3). This contrasts 

with the previous study carried out by Ngah and Fatinathan (2010), which showed that 

the KF values obtained for Cu(II) ions were higher compared to the values obtained for 

Pb(II) ions during binary adsorption by chitosan-triphosphate beads [199]. The n value 

known as Freundlich exponent, was generally very low for both Pb(II) and Cu(II) ions 

regarding the two adsorbents studied. The observed n values fall within the range of 0 

to 1, and since it is closer to zero, this implies that the surfaces of these adsorbents in 

contact with Pb(II) and Cu(II) ions are heterogeneous, a value below unity also usually 

suggests a chemisorption process [138]. 

6.3.2.2 Multi-component Isotherm modelling  

The equilibrium adsorption data of Pb(II) and Cu(II) ions in simultaneous adsorption 

were fitted using three different multi-component isotherm models as shown in Figure 

6.8, and the all the calculated parameters are summarised in Table 6.3. Based on the 

correlation coefficients (R2 = 0.999), the co-adsorption of Pb(II)-Cu(II) ions onto Bt-Ch 

composites/beads correlated well with non-modified Langmuir, modified Langmuir and 
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composites/beads. Although the obtained values of Freundlich constant (Kf,i) and 

Freundlich exponent (n,i) were slightly different from those obtained from the single-

component Freundlich model. 
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Figure 6.8: The non-linear single- and multi-component isotherms for co-adsorption of Pb(II)-Cu(II) by 70%Bt-30%Ch composites 

Note: at 25 OC. pH = 4.5; adsorbent amount = 0.05 g; agitation time (at 230 rpm) = 60 minutes; Initial concentrations of Pb(II) and Cu(II) ions in binary solution = 
10 - 350 mg/L; Each data-point represents mean ± standard deviation of three (3) different experiments (n = 3).
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6.3.3. Desorption studies  

The results for the desorption (recovery) of adsorbed Pb(II) and Cu(II) ions by different 

EDTA concentrations i.e., from 0.1 to 5.0 x 102 mmol/L  (corresponding to 0.1 to 5.0 x 

102 mEq/L, respectively) are shown in Figure 6.9. As can be seen, the optimal recovery 

of both Pb(II) and Cu(II) ions was achieved with 1.0 x 101 mmol/L  (corresponding to 1.0 

x 101 mEq/L) EDTA aqueous solutions. Subsequently, the desorption of adsorbed Pb(II) 

and Cu(II) ions (from Bt-Ch composites/beads) was carried out using 1.0 x 101 mEq/L 

EDTA aqueous solutions.  

The adsorption and desorption percentages of both Pb(II) and Cu(II) ions recovered from 

70%Bt-30%Ch composites/beads are shown in Figure 6.10. For beads (Figure 6.10-A), 

the desorption percentages (for both metal ions) in the 1st cycle was above 80%. This 

value, though slightly lower compared to adsorption percentages (about 90 to 99%), still 

portrayed good recoveries. Serial adsorption-desorption steps were conducted up to 

five times, and the observed percentages obtained for both adsorption and desorption 

of both Pb(II) and Cu ions remained similar as those obtained for the first initial 

adsorption-desorption cycle. This indicates that beads were stable without apparent 

loss of the adsorption capacity up to at least 5 cycles. On the other hand, for composites 

(Figure 6.10-B), about 80% and 60% adsorption was achieved in the 1st cycle for Pb(II) 

and Cu(II), respectively. For subsequent adsorption-desorption cycles, the adsorption 

percentages (for both Pb and Cu ions) decreased significantly after the second cycle 

Overall, the results indicated that the Bt-Ch composites/beads exhibited good 

reusability for simultaneous removal of both Pb(II) and Cu(II) ions from water. A notable 

physical observation was that after subjecting both adsorbents (i.e., composites and 

beads) to aqueous binary solutions containing Pb(II)-Cu(II) ions during the adsorption 

procedures, the beads become pale-blue, while the colour of the composites remained 

unchanged (as demonstrated in Figure 6.11).  
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Figure 6.9: Simultaneous desorption of Pb(II) and Cu(II) from Bt-Ch composites/beads 
by different EDTA concentrations 
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Figure 6.10: Charts showing the serial % Adsorption/Desorption of Pb (II) and Cu(II) ions adsorbed onto (A) 70%Bt-30%Ch beads and (B) 70%Bt-
30%Ch composites. 

Note: Initial Pb and Cu concentrations 100 mg/L (corresponding to 0.96 and 3.14 mEq/L of Pb and Cu ions respectively); pH = 4.5; adsorbent 
amount = 0.2 g; adsorption agitation time (at 230 rpm) = 10 minutes; desorbing agent = EDTA (1.0 x 101 mEq/L);  desorption agitation time (at 
230 rpm) = 120 minutes. Each bar represents mean ± standard deviation of three (3) different samples (n = 3).  
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Figure 6.11: Pictures showing  (A) adsorbent samples loaded with Pb(II) and Cu(II) ions after adsorption-procedure (B) adsorbent samples 
recovered after desorption-procedure and (C) filtrate solutions containing Pb(II) and Cu(II) ions desorbed with EDTA solutions  
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6.4. Conclusion  

The simultaneous adsorption of Pb(II) and Cu(II) ions onto 70%Bt-30%Ch 

composites/beads from binary solution were investigated via a statistical design of 

experiments approach. It was observed that co-adsorption of Pb(II) and Cu(II) ions were 

affected by pH, adsorbent dose, and initial concentration. With respect to each analysed 

metal ions (and the adsorbent used), the optimum adsorption capacities were 

determined, and accuracy (precision) of the design space is within 95% for both 

prediction and confidence intervals. The adsorption equilibrium data correlated well 

with single-component Langmuir and Freundlich models. Also, the same equilibrium 

adsorption data fitted well with multi-component non-modified Langmuir, modified 

Langmuir and extended Freundlich model equations. The maximum adsorption 

capacities, Qmax (mg/g) of both Pb (II) and Cu (II) ions estimated for Bt-Ch composites 

were lower than the values obtained for Bt-Ch beads. When Bt-Ch composite was used 

as an adsorbent, the Qmax values obtained for Pb(II) ions were about 60% higher 

compared to values obtained for Cu(II) ions. However,  the Qmax value of Cu(II) ions 

obtained (compared to values obtained for Pb(II) ions) were higher when the Bt-Ch bead 

was used as adsorbent. Overall, both composites and beads exhibited good potential for 

re-use after five cycles of regeneration, thus, indicating their potential as cost-effective 

adsorbents for simultaneous removal of Pb (II) and Cu (II) ions from wastewater. 
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Table 7.1: Factors and their levels investigated during optimal stage in the batch adsorption experiments of As (III) ions onto Bt-Ch composites/beads 

Levels 
 

Numeric continuous factors 
 

Categoric nominal factor 

  
A-pH B-Adsorbent dosage 

(g) 
C-Initial 

concentration (mg/L) 
D-Agitation time 

(min) 
E-Temperature (O C)  F-Adsorbent type 

Low (-1) 
 

 1 0.05 50 10 25  X 

Centre 
  point (0)  

 varied varied varied varied varied  Y 

High (+1)  9 0.5 250 300 55  Z 

Note: The centre points (0) maybe slightly different due the algorithms of the optimal-I design; X = Bt-Ch composites; Y = Bt-Ch beads-A; Z = Bt-Ch beads-B 
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Figure 7.1: Normal probability plot of studentised residuals (a) and correlation between actual and predicted values (b) of As (III) ion adsorption 
efficiency for 70%Bt-30%Ch composites/beads 

Note: these graphs were plotted and obtained from Design-Expert®13 
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7.3.1.2 Effects of main factors and their interactions  

The model-graphs showing the effect of each quantitative factor on the adsorption 

efficiency (%) of As(III)  by 70%Bt-30%Ch composites (adsorbent X) are shown in Figure 

7.2. The model-graphs (concerning the main effect on the As(III) adsorption) obtained 

for the remaining two adsorbent samples (70%Bt-30%Ch beads-A and beads-B) show a 

similar trends and are not presented herein. As can be seen, when the pH (A; from 1 to 

9) and initial concentration (C; 50 to 250 mg/L) of the solution increases, the As (III) 

adsorption efficiency of the Bt-Ch composites decreases initially and then increases. For 

adsorbent dosage (B), the adsorption efficiency of As(III) increases with increasing 

adsorbent dose from 0.05 to 0.5 g.  Concerning agitation time (D), As (III) adsorption 

efficiency increases steadily from 10 to 180 min, maintains a higher % removal (between 

180 to 240 min) and then slightly decreases for the remaining part of agitation time (240 

to 300 min). When the temperature (E) of the adsorption system increases from 25 to 

55 OC, the As (III) adsorption efficiency of the Bt-Ch composites/beads first increases and 

then decreases. 

The model-graphs showing 2-way interaction effects of these factors are presented in 

Figure 7.3. Based on these plots, the interactive effects can be easily visualised and 

interpreted. When the effects of two factors appear as two non-parallel lines, it indicates 

that the effect of one factor depends on the level of another factor, and vice versa 

[202,203]. Therefore, the interactive effects were observed for pH-temperature (AE), 

adsorbent dosage-temperature (BE), initial concentration-temperature (CE), and 

agitation time-temperature (DE). Even though the lines are almost parallel, interactive 

effects were also observed for pH-adsorbent (AB) and pH-agitation time (AD) because 

from ANOVA table presented in Appendix D2, it was confirmed that the interactions of 

pH-adsorbent and pH-agitation time have significant effect. 

7.3.1.3 The 3D surface response plots and combined effects of significant factors 

 Figure 7.4 show the 3D surface response plots regarding the combined effects of the 

significant factors on the As(III) adsorption efficiency (%) by Bt-Ch composites. The 3D 

plots (concerning the combined effects on the As(III) adsorption) obtained for the 
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(B)), this could be the reason for slight curved-shape of the 3D Surface plot in the 

direction of adsorbent dosage. 

(B) Agitation time and temperature 

Figure 7.4 (b) shows the 3D response surface plot for the interaction effect of agitation 

time and temperature, while the pH of the As (III) solution, adsorbent dose, and initial 

As (III) concentration were kept constant at 8.0, 0.5 g, and 50 mg/l, respectively. It was 

observed that the adsorption efficiency of As(III) ions increases with agitation time from 

10 to 180 min, which remains constant with higher % removal (between 180 to 240 min) 

and then decreases for the remaining part of agitation time (240 to 300 min). The 

influence of agitation time has a strong negative effect on the As(III) adsorption in a non-

linear manner (D2, check the coefficient in Appendix L). This quadratic effect of 

adsorbent dose (D2) is greater in comparison to the linear effect of adsorbent dosage (D, 

check the coefficient in Appendix L), and this contributed to curve-shape of the 3D 

surface plot. 

Concerning temperature (E), it was observed that As (III) adsorption efficiency (%) 

increases when the temperature of the system increases from 25 to about 35 OC, 

maintains a constant (between 35 to about 40 OC) and then slightly decreases (between 

43 to 55 OC). Like other significant factors, temperature has a strong negative effect on 

the As(III) adsorption in a non-linear manner (E2, check the coefficient in Appendix L). 

(C) Initial concentration and temperature 

Figure 7.4(c) shows the 3D response surface plot for the interaction effect of initial 

concentration and temperature, while the pH of the As (III) solution, adsorbent dose, 

and agitation time were kept constant at 8.0, 0.5 g, 180 minutes, respectively. As can be 

seen, As(III) adsorption efficiency (%) of the  Bt-Ch composites decreases initially and 

then slightly increases, when the initial As(III) concentration of the solution was 

increased from 50 to 250 mg/L. Based on general trends, adsorption efficiency (%) 

should decrease with increasing initial concentration of adsorbate (e.g. heavy metals). 

This may be due to increase in the number of heavy metal ions (such as As (III) ions) at 

higher concentration with the limited available binding sites on the adsorbent (Bt-Ch 

composites). At lowest initial As (III) concentrations  (50 mg/L),  the ratio of initial 

number of As (III) ions to the available adsorption active sites is low, and therefore, this 
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account for observed highest removal efficiency [206]. The effect of temperature on the 

influence of initial concentration effects was not clear or fully understood. However, the 

initial concentration has a strong negative effect on the As (III) adsorption efficiency with 

respect to temperature in a non-linear manner (C2, check the coefficient in Appendix L). 

Since the strength of this quadratic effect (C2) is greater in comparison to the linear 

effect (C, check the coefficient in Appendix II), and this contributed to curve-shape of 

the 3D surface plot. 

7.3.1.4 Optimisation of parameters for As (III) adsorption by Bt-Ch 

composites/beads 

The obtained optimal conditions (selected by the model) estimated for the adsorption 

of As (III) by 70%Bt-30%Ch composites, beads-A, and beads-B were pH of 8.0, adsorbent 

dose of 0.5, initial As (III) concentrations of 50 mg/l, agitation time of 180 minutes, and 

temperature of 40OC. The linear effect (Figure 7.2e) showed an increase in As adsorption 

as the temperature rose from 25 to 50OC. However, the presence of other quantitative 

factors had interactive effects (Figure 7.4b), resulting in the highest As adsorption 

efficiency (%) at 40OC. Under these conditions, the adsorption of As(III) ions was tested 

with only one of the adsorbents (sample Z; beads-B), which was selected randomly (by 

model) to confirm the robustness of the predicted model.  As shown in Table 7.2, the 

experimental value (adsorption efficiency) obtained from confirmation runs was found 

to be 15.24 ± 0.37 %, which agrees well with the predicted value of 17.08 ± 4.96 % 

(desirability = 0.99) within the accuracy and precision of the design space (95% for both 

prediction and confidence intervals). 
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                                    Figure 7.2: Graphs showing the effect of each factor on the As (III) adsorption efficiency (%) 

  
 Note: Dashed lines represent 95% confidence interval bands of the experimental data; (a) A-pH; (b) B-Adsorbent dose; (c) C-Initial concentration; (d) D-
Agitation time; (e) E-Temperature;  Adsorbent X = Bt-Ch composites. 
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Figure 7.3: Graphs showing two-factor interactions and their effects on the As (III) adsorption efficiency (%)  
Note: Dashed lines represent 95% confidence interval bands of the experimental data; (a) pH-Adsorbent dosage; (b) pH-Agitation time; (c) pH-Temperature; 
(d) Agitation time-Temperature; (e) Adsorbent dosage-Temperature; (f) Initial conc.-Temperature; Adsorbent X = Bt-Ch composites.
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Figure 7.4: 3D surface response plots showing the combined effect of significant factors on the As (III) adsorption efficiency (%) by Bt-Ch composites 

Note: these 3D surface plots were plotted and obtained from Design-Expert®13; (a) pH and adsorbent dosage (at constant initial conc. Of 50 mg/L, 
agitation time of 180 minute, and temperature of 40OC); (b) agitation time and temperature (at constant pH of 8, adsorbent dose of 0.5 g, and initial 
conc. of 50 mg/L);  (c) initial conc. and temperature (at constant pH of 8, adsorbent dose of 0.5 g, and agitation time of 180 minute) . 
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Table 7.2: Confirmation of experimental runs for analysed Optimal-I design model 

 

7.3.2. Adsorption Isotherm studies  

Modelling equilibrium data with isotherm equations can  provide qualitative and 

quantitative information about the adsorption process, which could contribute to 

understanding the adsorption mechanisms [24,48,116].  

Figure 7.5 show the non-linear plots illustrating Langmuir/Freundlich and Dubinin-

Radushkevich isotherm models, respectively, for As (III) adsorption by 70%Bt-30%Ch 

composites at 25, 40 and 55°C.  The isotherm plots for other adsorbent samples (70%Bt-

30%Ch beads-A and 70%Bt-30%Ch beads-B) are presented in Appendix  D3 and D4 , 

respectively), but the calculated values (or constants) obtained for the three adsorbents 

(Bt-Ch composites, beads-A and beads-B) are presented in Table 7.3. The experimental 

data correlated well with both the Langmuir and Freundlich isotherm models, which 

indicates that both monolayer and heterogeneous adsorption processes may coexist 

under these experimental conditions. 

The maximum adsorption capacity, Qmax (mg/g) of As (III) ions as determined through 

the Langmuir isotherm, does not show significant differences between the three 

adsorbents (Bt-Ch composites, beads-A and beads-B), but slightly increases with 

increasing temperature (25 to 55°C).  The Qmax values obtained from this study were 

compared with other adsorbents reported in the literature (Table 7.4), although the 

values are small they are comparable (or even better) than most adsorbents previously 

reported.   

Generally, low values for the Langmuir equilibrium constant (KL) was observed for all the 

adsorbents used.  A low value of KL suggests poor affinity for the adsorbate-adsorbent 
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Figure 7.5: The non-linear Langmuir/Freundlich (top) and Dubinin-Radushkevich (bottom) isotherms for adsorption of As(III) by 70%Bt-30%Ch composites 

 

Note: at 25, 40 and 55 OC. pH = 8.0; adsorbent amount = 0.2 g; agitation time (at 230 rpm) = 180 minutes; Initial As(III) concentrations = 10 - 350 mg/L; 
Each data-point represents mean ± standard deviation of three (3) different experiments (n = 3). 
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Table 7.3: The fitting parameters of Langmuir, Freundlich and Dubinin-Radushkevich isotherms for the adsorption of As(III) onto Bt-Ch composites/beads 
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Table 7.4: Comparisons of As(II) adsorption capacity by Bt-Ch composites/beads with other adsorbents reported in the literature 
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Figure 7.6: The non-linear PFO, PSO and Elovich kinetic models for adsorption of As(III) 
by 70%Bt-30%Ch composites 

Note: at 25 OC. pH = 8.0; adsorbent amount = 0.2 g; Initial As(III) concentrations = 50 
mg/L; agitation time (at 230 rpm) = 10 - 300 minutes; PFO = Pseudo-first order; PSO = 
Pseudo-second order. Each data-point represents mean ± standard deviation of three 
(3) different experiments (n = 3). 
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Figure 7.7: The linear regression analysis of PFO, PSO and Elovich kinetic models for 
adsorption of As(III) by 70%Bt-30%Ch composites 

Note: at 25 OC. pH = 8.0; adsorbent amount = 0.2 g; Initial As(III) concentrations = 50 
mg/L; agitation time (at 230 rpm) = 10 - 300 minutes; PFO = Pseudo-first order; PSO = 
Pseudo-second order. The average of the kinetic adsorption data was used to plot the 
linear regression graph.  
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Table 7.5: The fitting parameters of kinetic models for the adsorption of As(III) onto Bt-Ch composites/beads 
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Figure 7.8: A line graph to determine the thermodynamic parameters for the adsorption of As(III) onto Bt-Ch composites/beads 
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7.3.5. Adsorption efficiency of As(III) ions  

To investigate the efficiency of the absorption process in a single component system, a 

batch adsorption with different concentrations of As(III) solutions (at pH of 8.0) were 

exposed to 0.2 g of Bt-Ch composites/beads, bentonite, and chitosan. After 180 minutes 

of agitation and even with lowest As(III) concentration (5 mg/L), the amount of As(III) 

ions removed  were less than 10% for all the Bt-Ch composites/beads (as shown in Figure 

7.9). A similar trend (but slightly higher) for As(III) efficiency (%) was observed for 

pristine bentonite. However, only less than 1% removal of As(III) ions were observed for 

pure chitosan. It is interesting to note that the bentonite performed better towards 

As(III) compared to chitosan. This suggests that the chitosan present in the Bt-Ch 

composites/beads does not contribute much towards As(III) ion adsorption. These very 

low adsorption efficiencies, indicate the need for modification of Bt-Ch 

beads/composites for effective removal of As(III) ions. 

 
Figure 7.9: Charts showing the As(III) adsorption efficiencies (%) of Bt-Ch composites, 
beads, chitosan, and Na-bentonite. 

Note: Initial As(III) concentrations = 5, 10 and 50 mg/L; pH = 8.0; adsorbent amount = 
0.2 g; agitation time (at 230 rpm) = 180 minutes. Each bar represents mean ± standard 
deviation of three (3) different samples (n = 3). 
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7.3.6. Effect of coexisting ions on As(III) ion removal 

Various anionic species might exist in natural water sources (e.g., groundwater) which 

could compete with arsenic for the available adsorption sites. Common co-existing 

anions present in the natural water includes carbonates, phosphates, sulphates, 

chlorides, and nitrates, and these could inhibit arsenic removal. In this study, the effects 

of nitrates (NO3-), dihydrogen phosphates (H2PO-), bicarbonates (HCO3-) and Chlorides 

(Cl-) on removal of As (III) ions by Bt-Ch composites/beads were investigated at pH 8.0 

with competing anion concentrations of 20 and 200 mg/L. As can be seen (Figure 7.10), 

the presence of NO3-, HCO3- and Cl-  ions (even at high concentrations of 200 mg/L) have 

no inhibition effects on the removal of As (III) by Bt-Ch composites/beads. However, 

H2PO- ions (at concentrations of 20 and 200 mg/L) are an obvious interference and 

significantly decrease the removal of As(III) ions by Bt-Ch composites/beads. A similar 

result was observed by Ramesh et al. [223], where the presence of phosphates (PO43-) 

significantly affected the adsorption of As(III),  As(V) and dimethylarsinate (DMA) by 

polymeric Al/Fe modified montmorillonite. The noticeable decrease in arsenic 

adsorption in the presence of phosphates ions may be due to competition for the 

binding sites of the adsorbent between the phosphate and arsenic, since both 

phosphate and arsenic have similar chemical features [223,224]. Even though Bt-Ch 

composites/beads were poor towards As adsorption, this result has demonstrated that 

the use of these adsorbents to remove As(III) from aqueous solution exhibited good anti-

interference ability towards co-existing ions. 
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Figure 7.10: Charts showing the effect of anions on removal efficiencies (%) of As(III) 
ions from binary solutions by Bt-Ch composites/beads 

Note: Initial concentrations of As(III) solution = 10 mg/L; pH = 8.0; adsorbent amount = 
0.2 g; agitation time (at 230 rpm) = 180 minutes. Each bar represents mean ± standard 
deviation of three (3) different samples (n = 3). 
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7.4. Conclusion  

The capability of 70%Bt-%Ch composites/beads to remove As(III) ions have been 

investigated. It was observed that adsorption efficiency (%) of As(III) ions were affected 

by pH, adsorbent dose, initial concentration, agitation time and temperature. The 

adsorption equilibrium data correlated well with Langmuir, Freundlich and Dubinin-

Radushkevich isotherm models. Low values of maximum As(III) adsorption capacities 

(Qmax) were recorded for all Bt-Ch composites/beads. Both equilibrium isotherm (by 

Dubinin-Radushkevich modelling) and thermodynamic analysis indicate that the 

adsorption of As(III) adsorption onto Bt-Ch composites/beads occurs by physical 

process. However, kinetic investigations suggest that the adsorption of As(III) onto Bt-

Ch composites/beads may occur via a chemical process. With exception of phosphates 

(PO43-), other anions investigated have no inhibition effects on the removal of As (III) by 

Bt-Ch composites/beads. Overall, the poor loading capacity and very low adsorption 

efficiencies of these adsorbents indicates the need for modification of Bt-Ch 

beads/composites for effective removal of As(III) ions from aqueous solution. 
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Figure 8.1: Scheme illustrating the coulombic attraction between the positively charged clay surface and the anion species  
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Figure 8.2: Images and schemes showing the making of Fe-Bt-Ch composites 
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Table 8.1: Factors and their levels investigated during optimal stage in the batch 
adsorption experiments of As (III) ions onto Fe-Bt-Ch-1 composites 

 

8.2.1.2 Adsorption equilibrium and Isotherm 

The two adsorbent samples (i.e., Fe-Bt-Ch-1 and Fe-Bt-Ch-2 composites) were used for 

the adsorption equilibrium study. To determine the equilibrium adsorption capacity of 

these adsorbents to absorb As(III) ions from aqueous solutions, a wider range of As(III) 

concentrations (i.e., from 10 to 350 mg L-1) that differs from the one used in the optimal 

experiment (50 to 250 mg L-1; Table 8.1). The experiment was performed based on the 

optimal experimental conditions obtained from the surface response-optimal designs of 

the previous section. Thus, 0.1 g of each adsorbent was exposed to 25 mL of As(III) 

solutions with varying concentrations ( as stated above) at pH 8.0, agitation time of 180 

minutes (with the speed of 230 rpm) and at room temperature (25°C). The equilibrium 

adsorption experiment and the isotherm modelling were all carried out as described in 

Section 7.2.2.2.  

8.2.1.3 Adsorption Kinetics 

Exactly 0.1 g of each adsorbent (i.e., Fe-Bt-Ch-1 and Fe-Bt-Ch-2 composites) was exposed 

to 25 mL of As(III) solutions (50 mg L-1) at pH 8.0 and room temperature (25°C) with 

varying agitation times from 10 to 300 minutes (with the mixing speed of 230 rpm). The 

kinetic adsorption experiment and the kinetic modelling were all carried out as 

described in Section 7.2.2.3.  

Levels 

 Numeric continuous factors 
 

A-pH B-Adsorbent 
dosage (g) 

C-Initial 
concentration 

(mg/L) 

D-Agitation time (min) 

Low (-1)  1 0.05 50 10 

Centre 
  point (0) 

 varied varied varied varied 

High (+1)  9 0.5 250 300 

Note: The centre points (0) maybe slightly different due the algorithms of the optimal-I design 
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composite exhibited three stages of weight loss. In the first stage, slight weight loss is 

observed between 100-120 °C, and no significant difference between the weight loss of 

unmodified Bt-Ch and Fe-modified samples. In the second stage, a major weight loss is 

observed between approximately 200-450 °C for Fe-modified Bt-Ch composites, which 

is higher compared to that of the modified Bt-Ch composite sample (Table 8.2). The 

higher weight loss for Fe-modified composites within this temperature region might be 

due to complexation of Fe(III) ion onto chitosan, which makes the composites less 

thermally stable compared to the unmodified sample [236]. In the third stage a 

subsequent small weight loss was observed for Fe-modified Bt-Ch composites between 

approximately 600-700 °C, which is lower compared to the weight loss observed for 

unmodified Bt-Ch composites in this temperature region (Table 8.2). 

The amount of chitosan in each of the i.e., Fe-Bt-Ch-1 and Fe-Bt-Ch-2 composites and 

unmodified Bt-Ch composites were all calculated as described in Section 4.3.2 and are 

shown in Figure 8.3B. As can be seen, similar amounts of chitosan are present in both 

prepared Fe-modified and unmodified Bt-Ch composites. 



216 
 

  
Figure 8.3: (A) TGA curves and first derivatives of bentonite, unmodified Bt-Ch composite, Fe-modified composites, and chitosan (B) Charts showing 
the amount of chitosan estimated from weight loss values (TGA) of Bt-Ch (unmodified), and Fe-modified composites 

Note: smooth lines represent weight loss; break line represent first derivatives; each bar represents mean ± standard error of three (3) different 
samples (n = 3). The unmodified Bt-Ch composite represent 70%Bt-30%Ch beads-A. While Fe-modified Bt-Ch composite represent Fe-Bt-Ch-1 and Fe-
Bt-Ch-2 composites formed in the weight ratio 70%/30% of bentonite/chitosan. 

W
ei

gh
t l

os
s 

(%
)

Fi
rs

t d
er

iv
at

iv
e 

 (1
/m

in
)

Temperature (°C)/Time (minutes)

26.93 27.16 25.98

0

5

10

15

20

25

30

70%Bt-30%Ch

E
st

im
a
te

d
 a

m
o

u
n
t 

o
f 
C

h
ito

sa
n
 (

%
) 

Bt-Ch Fe-Bt-Ch 1 Fe-Bt-Ch 2



217 
 

Table 8.2: Calculated weight loss (%) for unmodified Bt-Ch composite and Fe-modified 
composites 

 

8.3.1.2 XRD Analysis 

The XRD patterns of bentonite, unmodified Bt-Ch, and Fe-modified Bt-Ch composites 

(I.e., Fe-Bt-Ch-1 and Fe-Bt-Ch-2) are shown in Figure 8.4. As previously described in 

Section 4.3.3, higher d-spacing was observed for unmodified Bt-Ch sample, which 

suggests that more chitosan was intercalated into the interlayers of the clay for 

unmodified Bt-Ch composites. Similar reflection shifts may have been expected for Fe-

modified Bt-Ch composites in comparison to unmodified Bt-Ch because similar amounts 

of chitosan are present (as evidenced by TGA; Figure 8.3B), however this was not the 

case.  The shifts are less for Fe-modified Bt-Ch composites, which suggests that the 

amount of chitosan present in the clay interlayers are considerably less. This data 

suggests that solubilising of chitosan with Fe(III) solution before mixing with bentonite 

suspension significantly affects (i.e. lowers) the penetration of chitosan within the 

interlayer space of the clay. 
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(second column shown in Appendix E2) a positive and negative coefficient signifies 

increasing and decreasing effects, respectively. 

The adsorption capacity (mg) of As(III) by Fe-Bt-Ch-1 composites, was affected by linear 

effects of pH (A), adsorbent dosage (B), initial concentration (C), and agitation time (D). 

Interaction effects of pH-adsorbent dosage (AB), pH-initial concentration (AC), 

adsorbent dosage- initial concentration (BC),  and initial concentration-agitation time 

(CD), were also observed concerning the absorption capacity of As(III) by Fe-Bt-Ch-1 

composites. In addition, a quadratic effect of A2, C2, and D2 are all significant in the 

model. From coefficients values in Appendix E2, it indicates that adsorption capacity of 

As(III) increases with pH (A),  initial concentration (C) and agitation time (D), but 

decreases with the adsorbent dosage (B). Also, As(III) adsorption capacity may increase 

with these significant model terms; BC, CD, but decrease with AB, AC,  A2 , C2 and D2. In 

addition, these insignificant terms: adsorbent dosage-agitation time (BD), may have 

favourable effect, while pH-agitation time (AD) and B2 may have an antagonistic effect 

towards As(III) adsorption capacity (mg/g).  

With respect to diagnostic statistics, both the normal probability plot and the correlation 

graph (between actual and predicted values) for adsorption capacity, are shown in 

Figure 8.6 . Figure 8.6a represents the normal probability plot of studentised residuals 

for adsorption efficiency. This plot indicates whether residuals follow a normal 

distribution, i.e., the points should lie on an approximately straight line without any 

apparent deviation. However, when the distribution is not normal, it signifies a nonlinear 

pattern, which may be corrected by a proper transformation [202]. As can be seen, 

almost all data are on a straight line for both responses, and therefore, it can be assumed 

that they are normally distributed. Figure 8.6b represents the correlation (relationship) 

between actual and predicted values of adsorption capacity. The actual values are the 

measured values of the adsorption capacity obtained for Fe-Bt-Ch-1 composites, which 

were determined. While predicted values were generated using Equations 8.2. The 

predicted values of adsorption capacity of Fe-Bt-Ch-1 composites for As(III) adsorption, 

obtained from the model, are in good agreement with the actual experimental data. It 

is worth mentioning that these models make predictions based on data used in their 

development, which may give them some inherent bias.
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Figure 8.6: (a) normal probability plot of studentised residuals and (b) correlation between actual and predicted values (experimental data)  
of As (III) ion adsorption capacity for Fe-Bt-Ch-1 composites 
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8.3.2.2 Effects of main factors and their interactions  

The effect of each quantitative factor (and their two-factors interactions) concerning As 

(III) adsorption capacity (mg/g) were separately visualised with model graphs which are 

shown in Figure 8.7. When the pH is varied (from 1 to 9), adsorption capacity (mg/g) of 

As(III) ions slightly increases with pH from 1 to 8, and then maintains the same 

adsorption capacity value from pH of 8 to 9 (Figure 8.7a). For adsorbent dosage, the 

adsorption capacity of As(III) slightly decreases with increasing adsorbent dose from 

0.05 to 0.2 g (Figure 8.7.b). When the initial concentration of the solution is varied from 

50 to 250 mg/L, the As(III) adsorption capacity of the Fe-Bt-Ch-1 composites increases 

initially and then decreases (Figure 8.7c). Concerning the agitation time, the As(III) 

adsorption capacity increases slightly from 10 to 180 min, maintains a higher adsorption 

capacity between 180 to 240 min and then slightly decreases for the remaining part of 

agitation time (240 to 300 min; Figure 8.7.d).   

The model-graphs showing 2-way interaction effects on the As(III) adsorption capacity 

are presented in Figure 8.8.  When the effects of two factors appear as two non-parallel 

lines, it indicates that the effect of one factor depends on the level of another factor, 

and vice versa [202,203]. Therefore, the major interactive effects were only observed 

for pH-adsorbent dosage (AB), as the two lines slightly crossed each other at lower pH; 

Figure 8.8a). However, parallel lines were generally observed for pH-initial conc. (AC), 

adsorbent dosage-initial conc. (BC; ), initial conc.-agitation time (CD) indicating that 

these 2-way interaction have less effect during the adsorption of As(III) ions onto Fe-Bt-

Ch composites.  

8.3.2.3 The 3D response surface plots and combined effects of significant factors 

The three-dimensional response (3D) surface plots concerning the combined effects of 

the significant factors affecting the As(III) adsorption (by Fe-Bt-Ch-1 composites) are 

shown in Figure 8.9. The 3D response surface plots are graphical representations of the 

regression equation showing the simultaneous interaction effect of two variables (on 

response), while maintaining the other variables constant [192,201].  

(A) Combined effects of the solution pH and adsorbent dosage 
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250 mg/L. However, at higher pH, the adsorption capacity (mg/g) of As(III) ions increases 

(with initial concentration from 50  to 150 mg/L), and then, decreases as initial 

concentration varies from 150  to 250 mg/L. Overall, the influence of initial 

concentration may have a negative effect on the adsorption capacity (mg/g)  in a non-

linear manner (C2, check the coefficient in Appendix II). The quadratic effect of initial 

concentration (C2) has a stronger strength (but opposing sign) in comparison to the 

linear effect of initial concentration (C).  

(C) Combined effects of the adsorbent dosage and initial concentration 

Figure 8.9c shows the 3D response surface plot for the interaction effect of adsorbent 

dosage and initial concentration (at constant pH of 8.0 and agitation time of 180 

minutes) on As(III) adsorption capacity (mg/g). At both lower and higher initial 

concentration, the adsorption capacity (mg/g) of As(III) ions slightly decreases as 

adsorbent dose increases from 0.05  to 0.2 g. The quadratic effect of adsorbent dosage 

(B2) has been previously discussed. 

In terms of initial concentration: at both lower and higher adsorbent dosage, the 

adsorption capacity (mg/g) of As(III) ions increases, and then decreases as initial 

concentration varies from 50  to 250 mg/L. The quadratic effect of initial concentration 

(C2) has been previously discussed. 

(D) Initial concentration and Agitation time 

Figure 8.9d shows the 3D response surface plot for the interaction effect of initial 

concentration and agitation time, while the pH of the As (III) solution and adsorbent 

dose were kept constant at 8.0 and 0.1 g, respectively. At both lower and higher 

agitation time, the adsorption capacity (mg/g) of As(III) ions increases, and then 

decreases as initial concentration varies from 50  to 250 mg/L. The quadratic effect of 

initial concentration (C2) has been previously discussed. 

In terms of agitation time: at lower initial concentration, the adsorption capacity (mg/g) 

of As(III) ions increases when the agitation time increases from 10 to 180 min, reaches 

equilibrium between 180 to 240 min, and then slightly decreases for the remaining part 

of agitation time (240 to 300 min). A similar trend of agitation time was observed at 

higher initial concentration. The influence of agitation time has a negative effect on the 

As(III) adsorption capacity in a non-linear manner (D2, check the coefficient in in 
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Appendix II). This quadratic effect of adsorbent dose (D2) has lesser strength (but 

opposing sign) in comparison to the linear effect of agitation time, and this might have 

contributed to curve-shape of the 3D surface plot. 

8.3.2.4  Optimisation of parameters for As (III) adsorption by Fe-Bt-Ch composites 

The obtained optimal conditions (selected by the model) estimated for the adsorption 

of As (III) by Fe-Bt-Ch-1 composites were pH of 8.0, adsorbent dose of 0.1, initial As (III) 

concentrations of 150 mg/l, and agitation time of 180 minutes. At these conditions, the 

predicted adsorption capacity (mg/g) of As(III) ions by Fe-Bt-Ch composites is found to 

be 12.59 mg/g (Figure 8.10).  

Under these conditions, the adsorption of As (III) ions was tested to confirm the 

robustness of the predicted model. As shown in Table 8.3, the experimental value 

(adsorption capacity) obtained from confirmation runs was found to be 12.07 ± 0.35 

mg/g, which agrees well with the predicted value of 12.59 ± 0.56 mg/g (desirability = 

0.72) within the accuracy and precision of the design space (95% for both prediction and 

confidence intervals). 
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Figure 8.7: Graphs showing the effect of each factor on the As (III) adsorption capacity (mg/g) 
 

Note: these graphs were plotted and obtained from Design-Expert®13; dashed lines represent 95% confidence interval bands of the experimental data; 
(a) A-pH; (b) B-Adsorbent dose; (c) C-Initial concentration; (d) D-Agitation time 
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Figure 8.8: Figure Graphs showing two-factor interactions and their effects on the As(III) adsorption capacity (mg/g)  

Note: these graphs were plotted and obtained from Design-Expert®13; dashed lines represent 95% confidence interval bands of the experimental data; 
(a) pH-Adsorbent dosage; (b) pH-Initial conc.; (c) Adsorbent-Initial conc.; (d) Initial conc.-Agitation time 
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Figure 8.9: 3D response surface plots showing the combined effect of significant factors on the As (III) adsorption capacity (mg/g) 
 
Note: these 3D surface plots were plotted and obtained from Design-Expert®13; (a) pH and adsorbent dosage (at constant initial conc. of 150 mg/L and  
agitation time of 180 minute; (b) pH and initial conc. (at constant adsorbent dosage of 0.1 g and  agitation time of 180 minute);  (c) adsorbent dosage 
and  initial conc. (at constant pH of 8.0 and agitation time of 180 minute); (d) initial conc. and agitation time (at constant pH of 8.0 and adsorbent 
dosage of 0.1 g) 
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Figure 8.10: Contour graphs showing optimised conditions with respect to As(III) ion 
adsorption capacity for Fe-Bt-Ch composites. Note: this contour plot was plotted and 
obtained from Design-Expert®13 

Table 8.3: Confirmation of experimental runs for analysed Optimal-I design model 

 

8.3.3. Adsorption Isotherm studies  

Figure 8.11 shows non-linear plots illustrating Langmuir/Freundlich and Dubinin-

Radushkevich isotherm models, respectively, for As(III) adsorption by Fe-Bt-Ch-1 

composites at 25, 40 and 55°C.  The isotherm plots for the other adsorbent sample (Fe-
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Bt-Ch-2 composites) are presented in Appendix E3, but the calculated values (or 

constants) obtained for the two adsorbents are presented in Table 8.4. In terms of 

correlation coefficient (R2), both the Langmuir and Freundlich isotherm models 

correlated well with the experimental data. However, from the lower chi-square (X2) 

value obtained with the Langmuir isotherm, this model fitted better compared to 

Freundlich isotherm model concerning the adsorption of As(III) ions by both adsorbents. 

This indicates that both monolayer and heterogeneous adsorption processes may 

coexist, but monolayer seems to be more dominant under these experimental 

conditions.  

The maximum adsorption capacity, Qmax (mg/g) of As(III) ions, as determined through 

the Langmuir isotherm for Fe-Bt-Ch-2 composites, was significantly higher compared to 

the values obtained for Fe-Bt-Ch-1 composites and slightly increased with increasing 

temperature (25 to 55°C). During the preparation stage, a higher concentration of Fe(III) 

cation was used for Fe-Bt-Ch-2 composites, and this accounts for the higher Qmax values. 

The Qmax values obtained in this study (for both Fe-Bt-Ch-1 and Fe-Bt-Ch-2 at 25°C ) were 

about six or eight times higher compared to the Qmax values obtained from the previous 

studies of As(III) adsorption for unmodified Bt-Ch composite (70%Bt-30%Ch bead-A) as 

shown in Table 7.3 of Section 7.3.2. This result demonstrates that the two prepared Fe-

modified composites have significantly improved As(III) removal from aqueous 

solutions. In addition, the Qmax value (12.26 ± 0.12 mg/g)  obtained for Fe-Bt-Ch-1 

composite was similar to the predicted optimum value (12.59 mg/g; Figure 8.10) 

obtained for the same adsorbent. Overall, the Qmax values obtained from adsorption of 

As(III) with both Fe-Bt-Ch-1 and Fe-Bt-Ch-2 composites were compared with other 

adsorbents reported in the literature (Table 8.5), and the higher adsorption capacities 

indicates that these Fe-modified composites could serve as potential and better 

adsorbent. 

Generally, low values for the Langmuir equilibrium constant (KL) were observed for the 

two adsorbents used, but the values of KL obtained in this study were higher compared 

to the values obtained for As(III) adsorption by unmodified Bt-Ch composite (Table 7.3 

of Section 7.3.2). This accounts for better As(III) adsorption by Fe-modified composites. 

In this study, the values of RL  obtained for both adsorbents has been found to be below 
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Figure 8.11: The non-linear Langmuir/Freundlich (top) and Dubinin-Radushkevich (bottom) isotherms for adsorption of As(III) by Fe-Bt-Ch-1 composites 

Note: At 25, 40 and 55 OC. pH = 8.0; adsorbent amount = 0.1 g; agitation time (at 230 rpm) = 180 minutes; Initial As(III) concentrations = 10 - 500 mg/L; 
Each data-point represents mean ± standard deviation of three (3) different experiments (n = 3).  
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Figure 8.13: The linear regression analysis of PFO, PSO and Elovich kinetic models for 
adsorption of As(III) by 70%Bt-30%Ch composites 
Note: At 25 OC. pH = 8.0; adsorbent amount = 0.2 g; Initial As(III) concentrations = 50 
mg/L; agitation time (at 230 rpm) = 10 - 300 minutes. Note: PFO = Pseudo-first order; 
PSO = Pseudo-second order. The average of the kinetic adsorption data was used to plot 
the linear regression graph.  
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Figure 8.14: A line graph to determine the thermodynamic parameters for the adsorption of As(III) onto Fe-Bt-Ch-1/ Fe-Bt-Ch-2 composites 
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8.3.6. Adsorption efficiency of As(III) ions  

To investigate the efficiency of the absorption process in a single component 

system,  batch adsorption experiments with 0.2 g of Fe-Bt-Ch-1/Fe-Bt-Ch-2 composites, 

unmodified Bt-Ch composites, bentonite, and chitosan were exposed to different 

concentrations of As(III) solutions (5, 10, and 50 mg/L; at pH of 8.0). As can be seen, 

better As(III) adsorption efficiency was observed with Fe-modified composites 

compared to unmodified Bt-Ch, pristine bentonite, and pure chitosan (Figure 8.15). A 

complete removal (100%) of As(III) ions was achieved when 0.1 g of Fe-Bt-Ch-2 

composite sample was exposed to 5 mg/L of As(III) solution. Overall these high 

adsorption efficiencies support the potential use of Fe-Bt-Ch-1/ Fe-Bt-Ch-2 composites 

as cost-effective adsorbents for removal of As(III) ions from both drinking and 

wastewater to the safe level. 

 

Figure 8.15: Charts showing the As(III) adsorption efficiencies (%) of Fe-Bt-Ch-1/Fe-Bt-
Ch-2 composites, bentonite and chitosan 

Note: Initial As(III) concentrations = 5, 10 and 50 mg/L; pH = 8.0; adsorbent amount = 
0.2 g; agitation time (at 230 rpm) = 180 minutes. Each bar represents mean ± standard 
deviation of three (3) different samples (n = 3). 
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concentration of aqueous NaOH solution. The adsorption and desorption percentages 

of both As(III) ions recovered from Fe-Bt-Ch-1 and Fe-Bt-Ch-2 composites are shown in 

Figure 8.16. About 80% and 98% adsorption was achieved in the 1st cycle for Fe-Bt-Ch-1 

and Fe-Bt-Ch-2 composites, respectively. However, only about 70% (for Fe-Bt-Ch-1) and 

60% (Fe-Bt-Ch-2) of adsorbed As(III) ions were recovered with dilute NaOH solution (0.1 

M) in the 1st cycle. Serial adsorption-desorption steps were conducted up to five times 

for both adsorbents. The observed adsorption percentage obtained for  Fe-Bt-Ch-2 

composites (in 2nd cycle) is like the value obtained for the first initial cycle (i.e., 98%), but 

decreases to about 90% for the subsequent cycles (i.e., 3rd, 4th and 5th cycles). 

Concerning Fe-Bt-Ch-1, the adsorption percentages in the 2nd cycle were observed to be 

about 80% (like 1st cycle), but about 70% were observed for subsequent cycles (i.e., 3rd, 

4th and 5th cycles). On the other hand, the desorption percentages (for both adsorbents) 

decrease slightly (to about 60% and 50% for Fe-Bt-Ch-1 and Fe-Bt-Ch-2, respectively) at 

the second stage, maintain similar value at third stage, and then, slightly increases at 

fourth and the fifth cycles. Overall, the results indicated that the Fe-Bt-Ch composites 

exhibited good reusability for removal of both As(III) ions from water. One interesting 

observation is that these Fe-modified composites are very stable, and the concentration 

of Fe(III) ions in the filtrate solution was measured through ICP-OES. Results show that 

the values range from 0.03 to 0.12 mg/L (corresponding to 5.33 x 10-2 - 2.14 x 10-1 

mmol/L). This suggests that the composite formation does not leach Fe or causes a 

change in the color of the filtrate solution (as shown in Figure 8.17).



244 
 

 
Figure 8.16: Charts showing the serial % Adsorption/Desorption of As(III) ions adsorbed onto Fe-Bt-Ch-1/Fe-Bt-Ch-2 composites 
 

Note: Initial As(III) concentrations = 0.13 mmol/L or 0.39 mEq/L (corresponding to 10 mg/L); pH = 8.0; adsorbent amount = 0.2 g; adsorption agitation 
time (at 230 rpm) = 180 minutes; desorbing agent = NaOH (0.1 M); desorption agitation time (at 230 rpm) = 180 minutes. Each bar represents mean ± 
standard deviation of three (3) different samples (n = 3). 
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        Figure 8.17: Pictures showing  filtrate solutions containing As(III) ions after adsorption experiments 
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8.3.8. Effect of coexisting ions on As(III) ion removal 

In this study, the effects of nitrate (NO3-), dihydrogen phosphate (H2PO-), bicarbonate 

(HCO3-) and chloride (Cl-) anions on removal of As(III) ions by Fe-Bt-Ch-1/Fe-Bt-2 

composites were investigated at pH 8.0 with competing anion concentrations of 20 and 

200 mg/L. As can be seen (Figure 8.18), the presence of NO3-, HCO3- and Cl-  ions (even 

at high concentrations of 200 mg/L) have no inhibition effects on the removal of As(III) 

by both adsorbents. However, H2PO- ions (at concentrations of 20 and 200 mg/L) are an 

obvious interference and significantly decrease the removal of As(III) ions. A similar 

result was observed in our previous study, where the presence of phosphates (PO43-) 

significantly affected the adsorption of As(III) ion by 70%Bt-30%Ch beads-A. The 

noticeable decrease in arsenic adsorption in the presence of phosphates ions is due to 

competition for the binding sites of the adsorbent between the phosphate and arsenic, 

since both phosphate and arsenic have similar chemical features [223,224]. Overall, the 

result demonstrates that Bt-Ch composites or beads can be utilised as an adsorbent for 

the selective removal of As(III) from a solution containing other ions.  
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Figure 8.18: Charts showing the effect of anions on removal efficiencies (%) of As(III) 
ions from binary solutions by Fe-Bt-Ch-1 (top) and Fe-Bt-Ch-2 (bottom) 

Note: Initial concentrations of As(III) solution = 10 mg/L; pH = 8.0; adsorbent amount = 
0.2 g; agitation time (at 230 rpm) = 180 minutes. Each bar represents mean ± standard 
deviation of three (3) different samples (n = 3). 
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8.3.9. Conclusion  

An iron-modified composite based on low-cost and sustainable resources was 

successfully synthesised. Two forms of  composites were made depending on the 

concentration of Fe(III) solution, and both were prepared in the weight ratios of 70% Bt. 

Clay and 30% chitosan biopolymer. The composites were characterised by TGA, XRD, 

and FTIR. TGA results confirmed that similar amount of chitosan were observed for all 

the prepared composites. According to XRD results, less chitosan was intercalated into 

the interlayers of the clay for Fe-Bt-Ch composites compared to unmodified Bt-Ch 

composites. From FTIR results, higher intensity bands at 1420 cm-1 were observed for 

Fe-modified composites compared to unmodified Bt-Ch composites. From the 

adsorption results (via design of experiment), it was observed that that adsorption 

capacity of As(III) increases with pH,  initial concentration and agitation time, but 

decreases with the adsorbent dosage. The adsorption equilibrium data correlated well 

with Langmuir, Freundlich and Dubinin-Radushkevich isotherm models. Significantly 

higher  values of maximum As(III) adsorption capacities (Qmax) were recorded for Fe-

Bt-Ch composites compared to unmodified Bt-Ch composites. Both Freundlich isotherm 

and kinetic investigations suggest that the adsorption of As(III) onto Fe-Bt-Ch 

composites occur via a chemical process. However, the Dubinin-Radushkevich isotherm 

and thermodynamic analysis indicates that the adsorption of As(III) adsorption onto Fe-

Bt-Ch composites may occur by physical process. Better As(III) adsorption efficiency was 

observed by Fe-modified composites  compared to unmodified Bt-Ch, pristine 

bentonite, and pure chitosan. The prepared  Fe-modified composites exhibited good 

potential for re-use after many cycles of regeneration up to the fifth cycle. With 

exception of phosphates (PO43-), other anions investigated have no inhibition effects on 

the removal of As (III) by Fe-Bt-Ch composites.  
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Chapter 9  

Column adsorption studies for effective removal of Pb(II) 
ions from aqueous solution by using Wet-Bentonite-

Chitosan beads  

9.1. Introduction 

To assess the performance of adsorbent materials for large-scale adsorption systems, 

the typical approach is to utilize the continuous adsorption method or column technique  

[156]. Having achieved the main objectives set for batch adsorption in the previous 

chapters, another aspect to explore in this thesis (research project) is the feasibility of 

using the column adsorption procedure.  This will mimic industrial applications to see if 

the developed material can act as a medium to abstract metal ions from wastewater 

during the treatment stage of water contaminated with heavy metals and their potential 

use in filter systems and faucets. The principles and modes of operation of column 

adsorption (especially the fixed-bed technique) have been briefly reviewed in Section 

2.5.6. 

In this study, the wet-Bt-Ch beads were tested as an adsorbent to access the removal of  

Pb(II) ions from aqueous solution via column adsorption. Our previous studies 

demonstrated that the prepared Bt-Ch composites and beads offers excellent potential 

for removal of Pb(II) ions using batch sorption experiments. It was not possible to use 

dried-powder Bt-Ch beads/composites (as previously used for batch adsorption) for 

column adsorption because there is difficulty in passing the fluid or liquid through the 

powdered adsorbent (down the column), causing flow resistance. The influence of 

operating parameters of the fixed-bed column such as inlet initial concentration and bed 

height were determined for fixed-bed columns packed with wet-Bt-Ch beads used for 

the dynamic adsorption of Pb(II) ions from aqueous solutions. The breakthrough and 

other relevant parameters were determined by non-linear modelling of column 

adsorption equations. 
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9.2.2.3 Modelling of Analytical results 

The dynamic behavior of the columns was predicted using Thomas, Adams-Bohart, 

Yoon-Nelson and Dose-Response models. The non-linear equations of these models are 

shown in Equations 2.21, 2.22, 2.23, 2.24 and 2.25, respectively, presented in Table 2.8. 

These models are important when designing an efficient fixed-bed adsorption system 

with the optimum required conditions. A plot of Cf/Ci against time (min) will be used for 

all the modelling. Where Ci and Cf (mg L-1) are the influent and effluent concentrations 

of the Pb(II) ions before and after the column adsorption experiment, respectively. 

 

 

Figure 9.1: Photograph of the freshly prepared wet-bentonite-chitosan composites 
used as an adsorbent packed in a fixed-bed column for Pb(II) adsorption 
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Figure 9.2: Photograph of the experimental set-up for the fixed-bed column adsorption of Pb(II) onto wet-Bt-Ch composites 
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(B) Effect of bed volume 

Figure 9(B) shows the breakthrough curves illustrating the effect of the bed volume of 

2.4 and 3.4 cm3 (corresponding to 1.0 and 1.4 cm or 2.5 and 3.5 g of the adsorbent, 

respectively) on the breakthrough curves  at constant pH 5.0, influent Pb(II) 

concentration of 50 mg/L, and flow rate of 2 mL min-1. The shape of the breakthrough 

curve (for different bed height) looks like that of the breakthrough curve obtained for 

different influent Pb(II) concentration. The time required for 50% adsorbate 

breakthrough (t50) were observed to be 20 and 30 minutes when the bed heights were 

2.4 and 3.4 cm3 , respectively (equivalent to 1.0 and 1.4 cm, respectively). This indicates 

that as the bed volume or bed height increases, the length of the bed through which the 

effluent passes increase, and thus longer breakthrough time elongated. The result  is 

similar to those found by most researchers  in the literature for the fixed-bed systems 

[245,246,252,253]. 

In terms of the slope of the breakthrough curve, a slightly lower slope (0.1392) was 

observed for the breakthrough curve when the bed volume  was 3.4 cm3 (or bed height 

1.4 cm), compared to when the bed volume  was 3.4 cm3  or bed height of 1.0 cm (slope 

= 0.1433). This is like a previous fixed-bed column study conducted by Han et al. 

(2007)[247], they observed that the slope of breakthrough curve decreased with 

increasing bed height, which resulted in a broadened mass transfer zone.  Concerning 

the column adsorption capacity (mg/g), lower Pb(II) uptake was observed with a bigger 

bed height, which is in contrast to what has been previously reported in the literature 

[246,252,253]. 
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Figure 9.3: Breakthrough curve showing the effect of column operating parameters on the Pb(II) adsorption 

Note: (A) effect of the influent Pb(II) concentration (50 and 70 mg/L) at constant pH 5.0, bed volume of 2.4 cm3 (bed height of 1.0 cm or 2.5 g of 
adsorbent)  and flow rate of 2 mL min-1., (B) effect of the bed volume of 2.4 and 3.4 cm3 (corresponding to bed height of 1.0 and 1.4 cm or  2.5 and 3.5 
g of the adsorbent, respectively) at constant pH 5.0, influent (P(II) concentration of 50 mg/L, and flow rate of 2 mL min-1. 
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Table 9.1: The  t0.5 and qe (exp.) values obtained for different parameters 

 
 
 
 
 
 
 

 

 

 

  Influent Pb(II) concentration   Bed volume 
50 mg/L 70 mg/L 2.4 cm3 (2.5 g) 3.4 cm3  (3.5 g) 

t0.5 (minutes)  20.00 35.00  20.00 30.00 

 qe (exp.) (mg/g)  2108.5 ± 190.2 5071.3 ± 8.037  2108.5 ± 190.2 1644.1 ± 104.3 
Note:  t0.5 is the breakthrough time at 50% (i.e., Cf/Ci = 0.5); qe (exp.) is the maximum column adsorption capacity calculated from experimental 
data; t0.5 values were obtained from extrapolation as indicated with dash-lines of the respective graphs in Figure 9; For qe (exp.), each value 
represents mean ± standard deviation of three (3) different experiments (n = 3) 
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different to those obtained experimentally, but the trends with respect to both influent 

Pb(II) concentration and bed height remain the same. 
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Figure 9.4: The non-linear modelling of the breakthrough curve for Thomas, Adams-Bohart, Dose-Response, and Yoon-Nelson models 
 

Note: The non-linear modelling of the breakthrough curve for Thomas, Adams-Bohart, Dose-Response, and Yoon-Nelson 
regarding the column adsorption of Pb(II) by wet-Bt-Ch composites with respect to (A/B) bed volume (2.4 and 3.4 cm3) at constant pH 5.0, influent (P(II) concentration 
of 50 mg/L, and flow rate of 2 mL min-1, (C/D) influent Pb(II) concentration (50 and 70 mg/L) at constant pH 5.0, bed volume of 2.4 cm3and flow rate of 2 mL min-1.  
Each data-point represents mean ± standard deviation of three (3) different experiments (n = 3)
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Table 9.2: The fitting parameters of the column adsorption models for the removal of Pb(II) wet-Bt-Ch composites 

     

���������s�}�o�µ�u���/�v�o���š���W���~�/�/�•�����}�v�����v�š�Œ���Ÿ�}�v���~���]���•�W���Œ���u���š��
�Œ�•

���}�o�µ�u�v���u�}�����o�•
�ï�X�ð�����u�ï���~�ï�X�ñ���P�•�î�X�ð�����u�ï���~�î�X�ñ���P�•�ó�ì���‰�‰�u�ñ�ì���‰�‰�u
�ì�X�ì�ì�ì�ð���“ �ì�X�ì�ì�ì

�í�ï�õ�ì�X�ô���“ �í�ì�ì�X�õ

�ì�X�õ�õ�õ�ô���“ �ì�X�ì�ì�ì

�ì�X�ì�î�ð�ï���“ �ì�X�ì�ì�ï

�ì�X�ì�ì�ì�ñ���“ �ì�X�ì�ì�ì

�í�í�ð�í�X�õ���“ �í�î�ï�X�ò

�ì�X�õ�õ�õ�ô���“ �ì�X�ì�ì�ì

�ì�X�ì�î�í�ó���“ �ì�X�ì�ì�î

�ì�X�ì�ì�ì�ï���“ �ì�X�ì�ì�ì

�î�ô�ð�ò�X�ô���“ �î�í�ð�X�ó

�ì�X�õ�õ�õ�õ���“ �ì�X�ì�ì�ì

�ì�X�ì�í�ñ�õ���“ �ì�X�ì�ì�ò

�ì�X�ì�ì�ì�ñ���“ �ì�X�ì�ì�ì

�í�í�ð�í�X�õ���“ �í�î�ï�X�ò

�ì�X�õ�õ�õ�ô���“ �ì�X�ì�ì�ì

�ì�X�ì�î�í�ó���“ �ì�X�ì�ì�î

�<�š�Z

�‹�š�Z

�Z
�î

�y
�î

�d�Z�}�u���•

�ì�X�ì�ì�ì�ð���“ �ì�X�ì�ì�ì

�í�õ�ò�î�X�î���“ �î�í�ð�X�õ

�ì�X�õ�õ�õ�ò���“ �ì�X�ì�ì�ì

�ì�X�ì�î�ò�î���“ �ì�X�ì�ì�ñ

�ì�X�ì�ì�ì�ñ���“ �ì�X�ì�ì�ì

�í�õ�ñ�î�X�ñ���“ �õ�ì�X�ï�õ

�ì�X�õ�õ�õ�ò���“ �ì�X�ì�ì�ì

�ì�X�ì�î�ò�í���“ �ì�X�ì�ì�ì

�ì�X�ì�ì�ì�ï���“ �ì�X�ì�ì�ì

�ï�ô�ï�í�X�õ���“ �ò�ñ�X�ì�ô

�ì�X�õ�õ�õ�õ���“ �ì�X�ì�ì�ì

�ì�X�ì�ì�ñ�í���“ �ì�X�ì�ì�ì

�ì�X�ì�ì�ì�ñ���“ �ì�X�ì�ì�ì

�í�õ�ñ�î�X�ñ���“ �õ�ì�X�ï�õ

�ì�X�õ�õ�õ�ò���“ �ì�X�ì�ì�ì

�ì�X�ì�î�ò�í���“ �ì�X�ì�ì�ì

�<����

�E�K

�Z
�î

�y
�î

�������u�•�t���}�Z���Œ�š

�õ�ô�ô�ï�X�ó���“ �ô�ô�î�X�ò

�ì�X�ò�ô�î�ô���“ �ì�X�ì�ñ�ó

�ì�X�õ�õ�õ�õ���“ �ì�X�ì�ì�ì

�ì�X�ì�ì�ì�ì���“ �ì�X�ì�ì�ì

�ð�î�î�õ�X�ì���“ �ó�í�î�X�ð

�ì�X�ò�ð�ô�ì���“ �ì�X�ì�ñ�ô

�ì�X�õ�õ�õ�õ���“ �ì�X�ì�ì�ì

�ì�X�ì�ì�ì�ì���“ �ì�X�ì�ì�ì

�í�í�í�ó�í���“ �î�ô�X�í�ï

�ì�X�ó�í�î�õ���“ �ì�X�ì�í�î

�ì�X�õ�õ�õ�õ���“ �ì�X�ì�ì�ì

�ì�X�ì�ì�ì�ì���“ �ì�X�ì�ì�ì

�ð�î�î�õ�X�ì���“ �ó�í�î�X�ð

�ì�X�ò�ð�ô�ì���“ �ì�X�ì�ñ�ô

�ì�X�õ�õ�õ�õ���“ �ì�X�ì�ì�ì

�ì�X�ì�ì�ì�ì���“ �ì�X�ì�ì�ì

�‹���Z

�r����

�Z
�î

�y
�î

���}�•���t�Z���•�‰�}�v�•��

�ì�X�ì�í�ó�ó���“ �ì�X�ì�ì�ï

�ñ�í�X�ó�ñ�î���“ �ò�X�ì�î�î

�ì�X�õ�õ�õ�ô���“ �ì�X�ì�ì�ì

�ì�X�ì�ì�ì�î���“ �ì�X�ì�ì�ì

�ì�X�ì�î�í�ñ���“ �ì�X�ì�ì�ï

�ï�ì�X�ô�ï�ô���“ �ï�X�ï�ï�ô

�ì�X�õ�õ�õ�ô���“ �ì�X�ì�ì�ì

�ì�X�ì�ì�ì�î���“ �ì�X�ì�ì�ì

�ì�X�ì�í�ô�ò���“ �ì�X�ì�ì�í

�ñ�ñ�X�ñ�ð�î���“ �ì�X�ò�í�ð

�ì�X�õ�õ�õ�õ���“ �ì�X�ì�ì�ì

�ì�X�ì�ì�ì�í���“ �ì�X�ì�ì�ì

�ì�X�ì�î�í�ñ���“ �ì�X�ì�ì�ï

�ï�ì�X�ô�ï�ô���“ �ï�X�ï�ï�ô

�ì�X�õ�õ�õ�ô���“ �ì�X�ì�ì�ì

�ì�X�ì�ì�ì�î���“ �ì�X�ì�ì�ì

�<�z�E

�•��

�Z
�î

�y
�î

�z�}�}�v�����v�����E���o�•�}�v

�E�}�š���W�<�d�Z�]�•�š�Z���d�Z�}�u���•�Œ���š�����}�v�•�š���v�š�~�>�l�u�]�v�l�u�P�•�U�‹�š�Z�]�•�š�Z���u���Æ�]�u�µ�u���}�v�����v�š�Œ���Ÿ�}�v�}�(�š�Z���W���~�/�/�•�]�v�š�Z���•�}�o�]���‰�Z���•���]�v�~�u�P�l�P�•�U�<���� �]�•�š�Z���������u�•�t���}�Z���Œ�š�Œ���š�����}�v�•�š���v�š�~�u�o�l �u�]�v�l �u�P�•�U�E�ì �]�•�š�Z��
�u���Æ�]�u�µ�u�À�}�o�µ�u���š�Œ�]���•�}�Œ�‰�Ÿ�}�v�����‰�����]�š�Ç�~�•���š�µ�Œ���Ÿ�}�v���}�v�����v�š�Œ���Ÿ�}�v�•�~�u�P�l�>�•�U �‹���Z �]�•�š�Z���W���~�/�/�•���}�v�����v�š�Œ���Ÿ�}�v�]�v�š�Z���•�}�o�]���‰�Z���•���~�]�X���X�U���}�o�µ�u�v�����•�}�Œ�‰�Ÿ�}�v�����‰�����]�š�Ç�]�v�u�P�l�P�•�U�r �]�•�š�Z�����}�v�•�š���v�š�}�(
�š�Z�����}�•���t�Z���•�‰�}�v�•���u�}�����o�~���]�u���v�•�]�}�v�o���•�•�•�U�<�z�E�]�•�š�Z���z�}�}�v���v�� �E���o�•�}�v�Œ���š�����}�v�•�š���v�š�~�u�]�v

�r�í
�•���v�� �•�š�Z���Ÿ�u���Œ���‹�µ�]�Œ�����(�}�Œ�ñ�ì�9 �����•�}�Œ�����š�����Œ�����l�š�Z�Œ�}�µ�P�Z�~�u�]�v�•�U�<�����^�d�]�•�š�Z�������^�d�Œ���š�����}�v�•�š���v�š�š�Z���š

�����•���Œ�]�����•�š�Z���u���•�•�š�Œ���v�•�(���Œ�(�Œ�}�u�š�Z���o�]�‹�µ�]���š�}�š�Z���•�}�o�]���‰�Z���•���~�>�l�u�P�u�]�v�•�U���v���E�����^�d�]�•�š�Z���•�}�Œ�‰�Ÿ�}�v�����‰�����]�š�Ç�}�(�š�Z�������� �~�u�P�l�>�•



264 
 

9.4. Conclusion  

The removal of Pb(II) ions from aqueous solution by wet-Bt-Ch composites packed in a 

fixed bed column mode was investigated. The results of the breakthrough curve 

obtained showed that the sorption of Pb(II) is dependent on the influent concentration 

and bed height. Unfortunately, the effect of flow rate was not tested at the time of this 

study. An increase in the influent concentration of Pb(II) ions at constant flow rate which 

leads to an increase in the slope of the breakthrough curve, thereby reducing the volume 

treated (throughput) before adsorbent regeneration. This may be cause by high Pb 

concentration saturating the adsorbent more quickly, thereby decreasing the 

breakthrough time. On the other hand, when the bed volume or height was increased, 

the number of available sites for adsorption and contact time between the Pb(II) ions 

and Bt-Ch composite also increased which should resulted in higher loading of Pb(II) ions  

in the column. Unfortunately, lower column loading was obtained for higher bed height. 

The various column adsorption models including Thomas, Adams-Bohart, Dose-

Response, and Yoon-Nelson models were applied to the experimental data with respect 

to  influent Pb(II) concentration and bed height. All the applied models correlated well  

and coupled with a good agreement with the experimental data. The constants 

evaluated from these models can be employed for the designing of the fixed-bed 

adsorption columns (for removal of Pb) over a range of feasible flow rates, bed height 

and influent concentrations. Even though more work needs to be done, the overall 

performance of the column study demonstrated that wet-Bt-Ch composite can be used 

in fixed-bed columns for removal of Pb(II) ions. 
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systematically based on different synthetic procedures. The findings shown that the 

yield (%) depends on; 1) the synthetic method used, (2) weight ratio (especially for 

composite formation via solution method), (3) state of the bentonite clay before mixing 

with chitosan solution (i.e., suspension or powdered) as well as the type of chitosan. For 

the first time TGA technique was used to quantify the quantity of chitosan in the final 

Bt-Ch composites and beads. 

(B) Evaluation of the adsorption capabilities of Bt-Ch composites and beads  

The applicability and evaluation of Bt-Ch composites or beads as an adsorbent for the 

removal of metal ions from aqueous solutions was done by  batch procedure and 

systematic approach, beginning with Pb(II) adsorption from single-component solution 

(Chapter 5), followed by co-adsorption from binary solution containing Pb(II) and Cu(II) 

ions (Chapter 6),  and eventually with adsorption of As(III) from single-component 

solution (Chapter 7).  Further, statistical design of experiments (DoE) has been applied 

as the methodology in all the batch adsorption experiments carried out in this thesis to 

gain a better understanding of the systems (effect of factors) and process optimisation. 

DoE reduces the time (spent to carried out the adsorptions experiments) and reduces 

the consumptions of adsorbents and chemical reagents.  

Results showed that Pb (or Pb-Cu) ions can be removed from aqueous solutions 

effectively. It was noted that the adsorption of Pb(II) ions with these adsorbents from 

the aqueous solutions was independent of time, but influenced by solution pH, 

adsorbent dose, initial Pb(II) concentration, and significantly affected by the presence of 

other multi-competing ions. Further results shown that higher Pb(II) adsorption capacity 

(mg/g) was observed for beads compared to their corresponding composites. In 

addition, it was observed that higher Pb(II) loading capacity (mg/g) was obtained for 

beads-B compared to their corresponding beads-A, even though they both contains 

similar amount of chitosan as evidenced from TGA. Therefore, it was confirmed that the 

amount of chitosan present in the adsorbent and its distribution within or outside the 

interlayer space of the bentonite clay (as evidenced from TGA and XRD results) was 

shown to have pronounced effects on the Pb(II) uptake by Bt-Ch composites/beads. In 

terms of chitosan type, higher Pb(II) adsorption capacity (mg/g) was observed for Bt-Ch-

2 samples (compared to Bt-Ch-1), and this may be due to a higher degree of 

deacetylation (DD) of Chitosan-2 used for composite/beads formation. The results from 
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the equilibrium isotherm and ion-exchange experiments suggest that both 

chemisorption (complexation) and physisorption (ion-exchange process) played crucial 

roles during adsorption of Pb(II) ions by all Bt-Ch composites/beads. Finally, it was 

concluded that from the desorption results, the developed Bt-Ch composites/beads 

exhibited good potential for re-use after five cycles of regeneration, thus, indicating 

their potential as cost-effective adsorbents for removal of Pb(II) ions from both drinking 

and wastewater.  

In terms of Pb-Cu; It was observed that the simultaneous removal of these metal ions 

from binary aqueous solutions by Bt-Ch composites/beads was independent of time, but 

influenced by solution pH, adsorbent dose, and initial Pb(II) concentration. From 

equilibrium studies, it was found that the adsorption capacity (mg/g) of both Pb (II) and 

Cu (II) ions estimated for Bt-Ch composites was lower than the values obtained for Bt-

Ch beads. When Bt-Ch composite was used as an adsorbent, the Pb(II) loading capacity 

(mg/g) was about 60% higher compared to values obtained for Cu (II) ions. However, no 

significant difference was observed between the uptake (mg/g) of the two analysed ions 

when the Bt-Ch bead was used as adsorbent. In terms of adsorption efficiencies, about 

90 to 99% removal (of both Pb(II) and Cu(II) ions) was observed for beads, and the 

desorption percentages (for both metal ions) in the 1st cycle were above 80%. Similar 

trends were observed for subsequent adsorption-desorption cycles up to five times. For 

composites, about 80% and 60% adsorption was achieved in the 1st cycle for Pb(II) and 

Cu(II), respectively. For subsequent adsorption-desorption cycles, the adsorption 

percentages (for both Pb and Cu ions) decreased significantly after the second cycle. This 

indicates that composites are less stable (compared to beads) with apparent loss of the 

active sites for multiple adsorption cycles. It was concluded that the prepared Bt-Ch 

composites and beads are a low-cost, sustainable alternative to expensive adsorbents 

(e.g., activated carbon), which can be employ for simultaneous removal of Pb(II) and Cu 

(II) ions from aqueous solution. 

 

 

 

 



269 
 

However, these Bt-Ch composites (and beads) showed a poor loading capacity (very low 

removal efficiencies) towards As ions but the study produced some informative results. 

It was observed that the removal of As(III) ions from aqueous solution were affected by 

pH, adsorbent dose, initial concentration, agitation time and temperature. Both 

equilibrium isotherm and thermodynamic analysis indicated that the adsorption of 

As(III) adsorption onto Bt-Ch composites/beads occurred by physisorption. The kinetic 

investigations suggest otherwise (i.e., chemisorption). It was concluded that these 

studied adsorbents need further modification for effective removal of As(III) ions from 

water. 

(C) Development of Fe-modified composites for effective removal of As(III) ions   

A novel positively charged Fe-modified composite was developed via precipitation 

method by modifying bentonite clay with chitosan and Fe(III) cations as demonstrated 

in Chapter 8, which was employed as an adsorbent for effective removal of As(III) ions 

from aqueous solution. In this study, two forms of  composites were made depending 

on the concentration of Fe(III) solution, and both were prepared in the weight ratios of 

70% Bt. Clay and 30% chitosan biopolymer. The Fe-modified composites were 

characterised by TGA, XRD and FTIR. It was demonstrated that the two samples of the 

Fe-modified composites are effective for removal of As(III) ions from aqueous solution, 

and  were influenced by pH, adsorbent dose, initial concentration, agitation time and 

temperature. One exciting finding was that there is no need for pre-oxidation before the 

removal of typically challenging As(III) from aqueous solutions as usually done in the 

case of conventional methods. It was noted that the amount of Fe(III) cation present in 

the adsorbent was shown to have significant effects on the As(III) uptake by Fe-modified 

composites. Both equilibrium isotherm and thermodynamic analysis indicated that the 

adsorption of As(III) adsorption onto Fe-modified composites occurred by physisorption. 

While kinetic investigations suggested that chemisorption could also contribute to As(III) 

adsorption. Better As(III) adsorption efficiency was observed by Fe-modified composites  

compared to unmodified Bt-Ch, pristine bentonite, and pure chitosan. From desorption 

results, the prepared  Fe-modified composites exhibited good potential for re-use after 

many times to remove arsenic both from natural waters and wastewaters. 

 

 



270 
 

(D) Fixed-bed column adsorption studies of Pb(II) ions   

Finally in Chapter 9 it was reported for the first time the use of wet sample of freshly 

prepared 70%Bt-30%Ch composite (wet-Bt-Ch) packed in a fixed bed column for 

effective removal of Pb(II) ions from aqueous solutions. According to the obtained 

breakthrough curve results, the column sorption of Pb(II) depends on both the influent 

concentration and bed volume (or height); however, the impact of flow rate was not 

investigated in this study. It was shown that adsorbent bed was exhausted faster at 

higher Pb(II) influent concentrations because the column become quickly saturated in 

the column. Even though higher Pb(II) loading was obtained for the higher Pb(II) 

concentration; nevertheless, quick exhaustion of the bed is not desirable, thus a 

compromised should be reach while choosing operating concentration in order to obtain 

the best column performance (i.e., best loading and breakthrough time). In terms of bed 

height, higher bed height was expected to result in higher Pb(II) loading, but instead, 

lower loading was observed. Studies has demonstrated that slow exhaustion of the 

adsorbent bed is more desirable, higher bed height of the column is preferable for the 

column operation. The good performance of wet-Bt-Ch composites in fixed-bed mode 

to abstract Pb(II) ions from aqueous solutions gave insight on the potential use of this 

material in purification of metal-contaminated water such as household filter systems. 

Although more work needs to be done, we are optimistic that the wet-Bt-Ch composites 

can easily be packed in small columns which can be placed in local containers such as 

household water jars, and when in contact with metal-contaminated water will allow 

mass transfer of the toxic metals to the adsorbent in the column.  

Overall, the series of work carried out in this study has demonstrated that the prepared 

Bt-Ch composites/beads and Fe-modified Bt-Ch composites could be a low-cost, 

sustainable alternative to expensive adsorbents (e.g., activated carbon) and a feasible 

technology for the effective removal toxic metals  from water. 

10.2. Limitations of this study 

In general, one of the main limitations of this study was that it focused only on prepared 

metal solutions (i.e., synthetic metal-contaminated water), which limits the realistic 

evaluation of the Bt-Ch composites/beads (and Fe-modified composites) performance 
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in removing these metals. Real or natural metal-contaminated wastewaters (or drinking 

waters) were not available to be tested with these developed composites at the time of 

this study. 

Secondly, the performance of Bt-Ch composites/beads towards the removal Pb and Cu 

from aqueous solutions is highly pH dependent (i.e., lower removal efficiency was 

observed at pH below 4.5). This will limit the application of Bt-Ch composites/beads for 

purification of water contaminated with these metals at low pH, for instance, acid-mine-

drainage impacted waters which are mostly found in mining areas can have pHs lower 

than 3. In addition, the chitosan present in the Bt-Ch composites/beads is highly likely 

to be soluble in an acidic medium (e.g., pH 2 to 3), and therefore a high portion of 

chitosan can be washed away during the adsorption process in low pH. 

10.3. Recommendation and future work 

1. To fully evaluate the feasibility of using Bt-Ch composites/beads and Fe-modified 

Bt-Ch composites, more research effort is needed towards applying these 

adsorbents for purification of natural waters  (contaminated with toxic metals) 

with a wide variety of other interfering pollutants (including microbes, ions, and 

organic matters). 

 

2. There is a need to assess chemical modification (e.g., cross-linking) of Bt-Ch 

composites/beads to further stabilise the chitosan present in the composites (or 

beads) and make the adsorbents independent of pH during the removal of toxic 

metals from low pH waters. 

 

3. Characterisation of regenerated Bt-Ch composites/beads and Fe-modified 

composites with more analytical techniques (e.g., SEM, EDS and NMR) to obtain 

more information about adsorption mechanisms of the analysed metals (Pb, Cu 

and As) adsorbed onto these adsorbents. 
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4. Large scale column experiments to mimic industrial application use to see if the 

materials developed can act as a medium to effectively abstract metal ions (Pb 

and As) for their potential use in filter systems and faucets. 

 

5. Production of composites (or beads) using the same procedures (as described in 

this thesis) with other type of bentonites (instead of Na-bentonites). 

 

6. There is a need to study the optimisation of Fe concentration present in the 

modified composites and investigate how Fe interact with both chitosan and 

bentonite clay.  
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Appendices 
 

 

Appendix A1 to A2 (Chapter 4) 

Appendix B1 to B22 (Chapter 5) 

Appendix C1 to C4 (Chapter 6) 

Appendix D1 to D8 (Chapter 7) 

Appendix E1 to E5 (Chapter 8) 
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Appendix A1: FTIR spectra of (a) pristine bentonite (b) 90%Bt-10%Ch-1 beads-B (C) 
70%Bt-30%Ch beads-B (d) 50%Bt-50%Ch beads-B and (e) pure chitosan 
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Appendix A2: FTIR spectra of (a) pristine bentonite (b) 90%Bt-10%Ch-1 composites (C) 
70%Bt-30%Ch composites (d) 50%Bt-50%Ch composites and (e) pure chitosan 
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Appendix B1: Two-level fractional-factorial (Resolution IV) experimental design 
generated for batch adsorption of Pb (II) ions onto Bt-Ch composites/beads 

 

 

 

 

 

 

 

 

 

 

 

 

Experiment 
(Standard order) 

 
Factors  

     

  A B C D E F G 

1  2 50 180 25 0.1 10 X 
2  6 50 180 25 0.5 10  Y 
3  2 250 180 25 0.5 60 Y 
4  6 250 180 25 0.1 60 X 
5  2 50 280 25 0.5 60 X 
6  6 50 280 25 0.1 60 Y 
7  2 250 280 25 0.1 10 Y 

8  6 250 280 25 0.5 10 X 

9  2 50 180 55 0.1 60 Y 

10  6 50 180 55 0.5 60 X 

11  2 250 180 55 0.5 10 X 

12  6 250 180 55 0.1 10 Y 

13  2 50 280 55 0.5 10 Y 

14  6 50 280 55 0.1 10 X 

15  2 250 280 55 0.1 60 X 

16  6 250 280 55 0.5 60 Y 

Note: A = pH; B = Initial  concentration; C = agitation rate; D =Temperature; E = Adsorbent dosage; F = 
Agitation time; G = Adsorbent type; X = Bt-Ch Composites; Y = Bt-Ch Beads 
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Appendix B2: An I-optimal experimental design generated for batch adsorption of Pb 
(II) ions onto Bt-Ch composites/beads 
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Appendix B3: Response for optimal experimental design (I-optimal) of Pb (II) ion 
adsorption onto Bt-Ch-1 composites/beads 
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Appendix B4: Response for optimal experimental design (I-optimal) of Pb (II) ion 
adsorption onto Bt-Ch-2 composites/beads 
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Appendix B6: Analysis of Variance (ANNOVA) of reduced quadratic model for the 
response (Pb adsorption capacity) obtained for 90%Bt-10%Ch-1 composites/beads 

 

Appendix B7: Analysis of Variance (ANNOVA) of reduced quadratic model for the 
response (Pb adsorption capacity) obtained for 70%Bt-30%Ch-1 composites/beads 
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Appendix B8: Analysis of Variance (ANNOVA) of reduced quadratic model for the 
response (Pb adsorption capacity) obtained for 50%Bt-50%Ch-1 composites/beads  

 

Appendix B9: Analysis of Variance (ANNOVA) of reduced quadratic model for the 
response (Pb adsorption capacity) obtained for 90%Bt-10%Ch-2 composites/beads 
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Appendix B10: Analysis of Variance (ANNOVA) of reduced quadratic model for the 
response (Pb adsorption capacity) obtained for 70%Bt-30%Ch-2 composites/beads 

 

Appendix B11: Analysis of Variance (ANNOVA) of reduced quadratic model for the 
response (Pb adsorption capacity) obtained for 50%Bt-50%Ch-2 composites/beads 
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Appendix B12: The non-linear Langmuir and Freundlich isotherms for adsorption of Pb(II) by 90%Bt-10%Ch composites/beads  
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Appendix B13: The non-linear Langmuir and Freundlich isotherms for adsorption of Pb(II) by 70%Bt-30%Ch composites/beads  
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Appendix B14: The non-linear Langmuir and Freundlich isotherms for adsorption of Pb(II) by 50%Bt-50%Ch composites/beads  
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Appendix B15: The non-linear Langmuir for adsorption of Pb (II) by pure chitosan-1 and chitosan-2. 

 pH = 4.5; adsorbent amount = 0.05 g; agitation time (at 230 rpm) = 60 minutes; Initial Pb concentrations = 10 - 500 mg/L; Each data-point represents 

mean ± standard deviation of three (3) different experiments (n = 3). 
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Appendix B16: Charts showing the comparative maximum adsorption capacity, Qmax (mg/g) due to fraction of chitosan (in the composites/beads)  and due 
to whole Bt-Ch composites/beads.  
Note: Expected Qmax values due to fraction of chitosan were calculated based on the experimental Qmax obtained from adsorption of Pb(II) ions by pure 
chitosan-1 (116.97 ± 2.14 mg/g) and chitosan-2 (119.06 ± 3.24 mg/g) for Bt-Ch-1 and Bt-Ch-2, respectively. Each bar represents mean ± standard deviation 
of three (3) different samples (n = 3). 
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Appendix B17:  Charts showing the % removal efficiency of various metal ions from multi-component solutions by (A) 70%Bt-30%Ch-1 and (B) 70%Bt-
30%Ch-2 composites/beads 

Note: In multi-component solution, the initial concentrations of Pb, Zn, Cu, Ni, and As were 0.45, 1.58, 1.59, 1.71 and 1.43 mmol/L respectively. These metal 
concentrations are actually the same in terms of mass concentration (i.e., 100 mg/L) but varies with molar concentration due to the molar mass of the 
respective metal ions; pH = 4.5; adsorbent amount = 0.2 g; agitation time (at 230 rpm) = 60 minutes. Each bar represents mean ± standard deviation of three 
(3) different samples (n = 3) 
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Appendix B18: Charts showing the % removal efficiency of various metal ions from multi-component solutions by (A) 50%Bt-30%Ch-1 and (B) 50%Bt-
30%Ch-2 composites/beads 

Note: In multi-component solution, the initial concentrations of Pb, Zn, Cu, Ni, and As were 0.45, 1.58, 1.59, 1.71 and 1.43 mmol/L respectively. These metal 
concentrations are actually the same in terms of mass concentration (i.e., 100 mg/L) but varies with molar concentration due to the molar mass of the 
respective metal ions; pH = 4.5; adsorbent amount = 0.2 g; agitation time (at 230 rpm) = 60 minutes. Each bar represents mean ± standard deviation of three 
(3) different samples (n = 3) 
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Appendix B19: Charts showing the Pb (II) adsorption efficiencies (%) of Bt-Ch-1 and Bt-Ch-2 composites/beads, chitosan-1, chitosan-2 and Na-bentonite.  

Note: Initial Pb concentrations = 100 mg/L; pH = 4.5; adsorbent amount = 0.2 g; agitation time (at 230 rpm) = 60 minutes. Each bar represents mean ± 
standard deviation of three (3) different samples (n = 3). 
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Appendix B20: Charts showing the serial % Adsorption/Desorption of Pb (II) ions 
adsorbed onto Bt-Ch-1 composites/beads. Desorbing agent = HCl (1.0 x 103 mmol/L) 
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Appendix B21: Charts showing the serial % Adsorption/Desorption of Pb (II) ions 
adsorbed onto Bt-Ch-2 composites/beads. Desorbing agent = HCl (1.0 x 103 mmol/L) 
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Appendix B22: Charts showing the serial % Adsorption/Desorption of Pb (II) ions 
adsorbed onto Bt-Ch-1 composites/beads. Desorbing agent = EDTA (1.0 x 101 mmol/L) 
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Appendix B23: Charts showing the serial % Adsorption/Desorption of Pb (II) ions 
adsorbed onto Bt-Ch-2 composites/beads. Desorbing agent = EDTA (1.0 x 101 mmol/L) 
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Appendix B24: Graphs showing the adsorption of Pb (II) ions and displacement of Na+, 
Ca2+, Mg2+, K+, and H+ by 90%Bt-10%Ch (above), 70%Bt-30%Ch (middle), and 50%Bt-
50%Ch (bottom) composites/beads. 
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Appendix C1: Adsorption factors (generated Design-Expert® 13 software) and response 
for optimal experimental design (I-optimal) concerning co-adsorption of Pb(II) and Cu(II) 
ion onto Bt-Ch composites/beads 

 

 

 

 

 

Run 

 

Factors  Response 
Pb-Adsorption capacity (mg/g)  Cu-Adsorption capacity (mg/g) 

A B C D E Experimental Predicted Experimental Predicted 

1 5.66 0.10 50.00 10.00 X  7.67 6.70 7.79 5.54 

2  2.08 0.20 105.78 78.15 Y  7.44 6.09  6.33 5.06 

3  4.07 0.20 125.00 300.00 Y  15.30 16.49  15.91 15.05 

4  6.00 0.20 50.00 209.29 X  4.55 4.47  4.94 3.50 

5*   4.01 0.05 115.00 118.75 Y  20.99 19.68  22.61 20.58 

6*   3.48 0.10 103.00 300.00 X  10.20 9.58  7.11 7.01 

7  2.00 0.05 61.00 39.00 X  4.44 4.34  1.96 0.58 

8  2.00 0.05 250.00 300.00 Y  9.38 10.06  4.77 4.98 

9  2.00 0.13 50.00 198.50 Y  1.57 3.12  0.72 1.21 

10  5.90 0.10 184.60 39.00 X  12.50 12.48  10.70 9.99 

11  3.21 0.20 50.00 10.00 X  4.72 3.73  4.00 4.44 

12  3.60 0.20 250.00 104.25 Y  17.43 16.58  20.17 19.64 

13  2.00 0.20 190.00 220.25 X  6.51 5.94  3.17 3.52 

14  6.00 0.05 50.00 300.00 Y  14.84 13.78  18.50 18.02 

15  3.40 0.10 250.00 89.75 X  12.02 12.00  6.60 6.03 

16  6.00 0.05 191.00 214.45 X  15.47 14.82  12.86 13.02 

17  6.00 0.05 250.00 10.00 Y  12.61 13.33  25.05 25.64 

18*  2.00 0.20 190.00 220.25 X  6.42 5.94  3.59 3.52 

19  6.00 0.20 189.00 10.00 X  10.82 11.54  9.28 9.40 

20  3.62 0.12 250.00 300.00 X  11.52 10.20  7.03 6.30 

21*  3.40 0.10 250.00 89.75 X  11.99 12.00  6.16 6.03 

22  2.00 0.18 170.00 10.00 Y  5.02 6.09  2.27 4.27 

23  4.01 0.052 115.00 118.75 Y  18.97 19.68  19.99 20.58 

24  6.00 0.20 50.00 10.00 Y  4.81 4.97  5.53 7.28 

25  4.24 0.16 136.00 139.45 X  11.51 13.65  9.05 10.78 

26*  5.82 0.13 192.00 201.40 Y  17.31 16.71  21.74 22.25 

27  5.82 0.13 192.00 201.40 Y  17.63 16.71  23.24 22.25 

28  4.98 0.05 50.00 186.30 X  11.06 12.74  8.35 11.69 

29  3.48 0.10 103.00 300.00 X  9.65 9.58  6.52 7.01 

30  5.8 0.20 250.00 300.00 X  9.44 10.73  10.32 11.06 

A = pH; B = Adsorbent dosage; C = Initial concentration;  D = Agitation time; E = Adsorbent type;  X = Bt-Ch composites; Y = Bt-Ch 
beads-B; * = replicates (experimental run #5, #6, #18, #21 and #26 are the replicated experiments of run #23, #29, #13, #15, #27, 
respectively) 
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Appendix C2: Analysis of Variance (ANNOVA) of reduced quadratic model for the 
response (Pb adsorption capacity) 

 

Appendix C3: Analysis of Variance (ANNOVA) of reduced quadratic model for the 
response (Cu adsorption capacity) 
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Appendix C4: The non-linear single- and multi-component isotherms for co-adsorption of Pb(II)-Cu(II) by 70%Bt-30%Ch beads (adsorbent Y)  

Note: at 25 OC. pH = 4.5; adsorbent amount = 0.05 g; agitation time (at 230 rpm) = 60 minutes; Initial concentrations of Pb(II) and Cu(II) ions in  
binary solution = 10 - 350 mg/L; Each data-point  represents mean ± standard deviation of three (3) different experiments (n = 3) 
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Appendix D1: Adsorption factors (generated Design-Expert® 13 software) and 
response for optimal experimental design (I-optimal) of As (III) ion adsorption onto Bt-
Ch composites/beads 

 

 

 

 

 

Run    Factors  Response 
    Adsorption efficiency (%) 
 A B C D E F  Experimental Predicted 

1*   8.92 0.07 190.00 143.40 37.00 Y  1.953 1.964 

2  9.00 0.43 50.00 10.00 28.15 Y  9.363 7.757 

3  1.00 0.50 50.00 10.00 25.00 Z  19.498 18.621 

4  1.00 0.50 50.00 300.00 55.00 X  9.847 10.233 

5  1.00 0.21 50.00 105.70 55.00 Z  21.380 19.055 

6  4.44 0.50 250.00 300.00 25.00 Y  9.311 12.589 

7  5.08 0.05 250.00 300.00 32.50 Y  3.028 1.783 

8  3.08 0.17 50.00 76.70 35.15 X  4.578 5.735 

9  4.32 0.05 50.00 300.00 25.00 Y  1.949 1.813 

10*  3.08 0.17 50.00 76.70 35.15 X  5.005 5.735 

11  9.00 0.50 90.00 10.00 55.00 X  10.233 10.715 

12  5.72 0.50 250.00 10.00 55.00 Y  5.564 5.812 

13  1.08 0.48 109.00 166.57 43.00 Y  17.378 12.883 

14  8.92 0.07 190.00 143.40 37.00 Y  1.644 1.964 

15  5.44 0.24 221.00 184.00 55.00 X  3.755 3.418 

16  1.00 0.05 200.00 300.00 25.00 X  0.684 0.585 

17  5.36 0.32 154.00 10.00 40.90 Z  6.468 4.825 

18  9.00 0.50 244.00 91.20 25.00 Z  9.122 8.078 

19  8.80 0.05 250.00 10.00 25.00 X  0.025 0.030 

20*  5.44 0.24 221.00 184.00 55.00 X  3.080 3.418 

21  4.93 0.48 206.09 278.25 47.47 Y  9.513 9.727 

22*  5.36 0.32 154.00 10.00 40.90 Z  4.338 4.825 

23  5.24 0.05 147.00 300.00 52.00 Z  2.252 2.685 

24  1.00 0.44 250.00 34.65 33.70 X  5.282 5.136 

25  1.00 0.12 250.00 300.00 52.00 Y  5.386 5.212 

26  7.48 0.50 50.00 218.80 45.70 Z  11.482 14.791 

27  2.36 0.05 250.00 107.15 31.30 Z  10.965 9.938 

28  9.00 0.05 250.00 10.00 55.00 Z  1.871 2.007 

29  5.60 0.05 50.00 10.00 55.00 Y  0.924 0.964 

30  9.00 0.50 250.00 300.00 41.35 X  13.804 14.125 

31  9.00 0.38 110.00 300.00 55.00 Y  11.220 10.471 

32  1.00 0.18 190.00 10.00 25.00 Y  2.734 2.921 

33  9.00 0.28 50.00 300.00 32.99 Y  10.965 13.490 

34  9.00 0.06 50.00 300.00 46.30 X  2.934 2.344 

35  1.00 0.05 170.00 10.00 55.00 X  1.3008 1.217 

36*  6.68 0.41 113.00 215.90 25.00 X  8.954 7.459 

37  9.00 0.19 56.00 99.90 48.11 Z  5.338 4.149 

38  1.00 0.05 132.00 157.53 43.00 Y  3.470 4.835 

39  9.00 0.05 50.00 54.95 25.00 Z  0.299 0.298 

40  1.00 0.50 250.00 268.10 55.00 Z  26.915 26.303 

41  9.00 0.19 250.00 300.00 25.00 Z  2.411 2.761 

42  6.68 0.41 113.00 215.90 25.00 X  7.779 7.459 

43  1.00 0.31 98.00 300.00 30.40 Z  21.380 26.303 

A = pH; B = Adsorbent dosage; C = Initial concentration;  D = Agitation time;  E = Temperature; F = Adsorbent type;  X = Bt-Ch 
composites; Y = Bt-Ch beads-A; Z = Bt-Ch beads-B; * = replicates (experimental-runs #1, #10, #20, #22 and #36 are the replicated 
experiments of run #14, #8, #15, #17, #42, respectively)  
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Appendix D2: Analysis of Variance (ANNOVA) of reduced quadratic model for the 
response (As adsorption efficiency) 
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Appendix D3: The non-linear Langmuir/Freundlich (top) and Dubinin-Radushkevich (bottom) isotherms for adsorption of As(III) by 70%Bt-30%Ch beads-A 
(adsorbent Y)  
Note: at 25, 40 and 55 OC. pH = 8.0; adsorbent amount = 0.2 g; agitation time (at 230 rpm) = 180 minutes; Initial Pb concentrations = 10 - 350 mg/L; Each 
data-point represents mean ± standard deviation of three (3) different experiments (n = 3). 
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Appendix D4: The non-linear Langmuir/Freundlich (top) and Dubinin-Radushkevich (bottom) isotherms for adsorption of As(III) by 70%Bt-30%Ch beads-B 
(adsorbent Z)  
Note at 25, 40 and 55 OC. pH = 8.0; adsorbent amount = 0.2 g; agitation time (at 230 rpm) = 180 minutes; Initial Pb concentrations = 10 - 350 mg/L; Each 
data-point represents mean ± standard deviation of three (3) different experiments (n = 3) 
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Appendix D5: The non-linear PFO, PSO and Elovich kinetic models for adsorption of 
As(III) by 70%Bt-30%Ch beads-A (adsorbent Y)  
Note: at 25 OC. pH = 8.0; adsorbent amount = 0.2 g; Initial As(III) concentrations = 50 
mg/L; agitation time (at 230 rpm) = 10 - 300 minutes; PFO = Pseudo-first order; PSO = 
Pseudo-second order. Each data-point represents mean ± standard deviation of three 
(3) different experiments (n = 3). 
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Appendix D6: The non-linear PFO, PSO and Elovich kinetic models for adsorption of 
As(III) by 70%Bt-30%Ch beads-B (adsorbent Z)  
Note: at 25 OC. pH = 8.0; adsorbent amount = 0.2 g; Initial As(III) concentrations = 50 
mg/L; agitation time (at 230 rpm) = 10 - 300 minutes. Note: PFO = Pseudo-first order; 
PSO = Pseudo-second order. Each data-point represents mean ± standard deviation of 
three (3) different experiments (n = 3 
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Appendix D7: The linear regression analysis of PFO, PSO and Elovich kinetic models for 
adsorption of As(III) by 70%Bt-30%Ch beads-A (adsorbent Y)  
Note: at 25 OC. pH = 8.0; adsorbent amount = 0.2 g; Initial As(III) concentrations = 50 
mg/L; agitation time (at 230 rpm) = 10 - 300 minutes; PFO = Pseudo-first order; PSO = 
Pseudo-second order. The average of the kinetic adsorption data was used to plot the 
linear regression graph. 
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Appendix D8: The linear regression analysis of PFO, PSO and Elovich kinetic models for 
adsorption of As(III) by 70%Bt-30%Ch beads-B (adsorbent Z)  
Note: at 25 OC. pH = 8.0; adsorbent amount = 0.2 g; Initial As(III) concentrations = 50 
mg/L; agitation time (at 230 rpm) = 10 - 300 minutes; PFO = Pseudo-first order; PSO = 
Pseudo-second order. The average of the kinetic adsorption data was used to plot the 
linear regression graph. 
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Appendix E1: Adsorption factors (generated Design-Expert® 13 software) and response 
for optimal experimental design (I-optimal) concerning adsorption of As(III) ion onto 
Fe-Bt-Ch composites 

 

 

 

 

 

 

 

 

Run 
 

Factors 
 Response 

  Adsorption capacity (mg/g) 
  A B C D  Experimental Predicted 

1*   4.50 0.20 121.00 197.05  9.101 9.243 

2  9.00 0.05 100.00 221.89  12.120 12.023 

3  4.10 0.19 250.00 10.00  7.809 7.786 

4  9.00 0.20 50.00 300.00  6.199 6.192 

5  2.00 0.20 50.00 10.00  3.826 3.849 

6  9.00 0.05 250.00 256.50  11.550 11.482 

7*   6.20 0.12 50.00 124.55  7.406 7.239 

8*   2.00 0.12 170.00 124.55  8.777 9.122 

9  9.00 0.05 70.00 10.00  8.650 8.670 

10  6.09 0.13 168.00 34.65  10.530 9.768 

11  6.24 0.12 170.00 300.00  11.664 12.303 

12  2.00 0.05 50.00 300.00  5.055 5.078 

13  3.85 0.05 250.00 223.15  10.300 10.233 

14  3.86 0.05 104.00 10.00  7.085 7.176 

15  2.00 0.20 250.00 300.00  10.773 10.715 

16  9.00 0.19 250.00 214.45  10.555 10.233 

17*  6.24 0.12 170.00 300.00  12.507 12.303 

18  2.00 0.12 170.00 124.55  9.381 9.122 

19  6.20 0.12 50.00 124.55  7.128 7.239 

20  4.49 0.20 121.00 197.05  8.901 9.243 

21  9.00 0.19 110.00 10.00  7.260 7.371 

22*  4.49 0.20 121.00 197.05  9.635 9.243 

23  4.94 0.15 250.00 178.28  10.555 10.965 

24  9.00 0.08 250.00 10.00  7.864 8.039 

25  2.07 0.15 50.00 299.76  4.989 4.910 

A = pH; B = Adsorbent dosage; C = Initial concentration;  D = Agitation time; * = replicates 
(experimental-runs #1, #7, #8, #17 and #22 are the replicated experiments of run #20, #19, 
#18, #11, #20, respectively) 
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Appendix E2: Analysis of Variance (ANOVA) of reduced quadratic model for the 
response (As-adsorption capacity) 
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Appendix E3: The non-linear Langmuir/Freundlich (top) and Dubinin-Radushkevich (bottom) isotherms for adsorption of As(III) by Fe-Bt-Ch-2 composites  
Note: at 25, 40 and 55 OC. pH = 8.0; adsorbent amount = 0.1 g; agitation time (at 230 rpm) = 180 minutes; Initial Pb concentrations = 10 - 500 mg/L; Each 
data-point represents mean ± standard deviation of three (3) different experiments (n = 3) . 
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Appendix E4: The non-linear PFO, PSO and Elovich kinetic models for adsorption of 
As(III) by Fe-Bt-Ch-2.  
Note: at 25 OC. pH = 8.0; adsorbent amount = 0.1 g; Initial As(III) concentrations = 50 mg/L; 
agitation time (at 230 rpm) = 10 - 300 minutes.; PFO = Pseudo-first order; PSO = Pseudo-second 
order. Each data-point represents mean ± standard deviation of three (3) different experiments 
(n = 3) 
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Appendix E5: The linear regression analysis of PFO, PSO and Elovich kinetic models for 
adsorption of As(III) by Fe-Bt-Ch-2 composites  
Note: at 25 OC. pH = 8.0; adsorbent amount = 0.1 g; Initial As(III) concentrations = 50 
mg/L; agitation time (at 230 rpm) = 10 - 300 minutes.; PFO = Pseudo-first order; PSO = 
Pseudo-second order. The average of the kinetic adsorption data was used to plot the 
linear regression graph. 
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