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ABSTRACT 

Rapid industrialization is one of the major threats to water pollution worldwide, as 

discharge effluents contain large amounts of toxic metal ions. Heavy metals are 

highly toxic to the ecosystem and human even at very low concentrations. We focused 

on easily available, green and eco-friendly with low operational cost materials to 

remove heavy metals from industrial wastewater. Chitosan is considered an 

alternative and sustainable adsorbent due to its highly efficient adsorption capacities 

for heavy metals. In this particular study, chitosan was successfully modified by using 

diatomaceous earth and then fabricated as spherical beads using the drop-wise 

method. Pristine chitosan (CS) beads  and chitosan coated diatomaceous earth 

(CSDE) beads were used to remove zinc, chromium, lead, and nickel ions from 

aqueous solutions in batch and continuous adsorption processes. The prepared 

adsorbents were characterized by using scanning electron microscopy (SEM), 

Brunauer−Emmett−Teller (BET), Fourier-transform infrared spectroscopy (FTIR), 

energy dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and zeta 

potential. The results showed that the prepared adsorbents were porous in nature and 

the total surface area were increased from 1.9 m
2
/g for pristine chitosan to 14.4 m

2
/g 

for chitosan coated diatomaceous earth.  

The performance of prepared adsorbents was investigated at different 

temperatures, initial pH of the solution, contact times, initial metal concentrations. 

The pseudo-second-order kinetic model is more likely to predict the kinetic behavior 

of the metal ions adsorption process for the whole used contact time range, and the 

adsorption isotherm data of CS and CSDE beads were well fitted to Langmuir model. 

The maximal adsorption capacities of prepared CSDE beads were found to be pH 

dependent as follows: 



xvi 

 

- Zinc ion – 127.4 mg/g at initial Zn(II) concentration 500 mg/L and pH 6. 

- Chromium ion – 84.23 mg/g at initial Cr(VI) concentration 1000 mg/L and pH 3. 

- Lead ion – 175.22 mg/g at initial Pb(II) concentration 400 mg/L and pH 7. 

- Nickel ion – 149.64 mg/g at initial Ni(II) concentration 400 mg/L and pH 6. 

Successful desorption and regeneration of prepared adsorbents were achieved 

(with common chemicals) and possessed excellent reusability (up to 10 cycles without 

a significant loss in adsorption capacity). The common anions and cations coexisting 

ions have insignificant impact on the removal capacity of prepared adsorbents. 

Overall, these results suggest that the environmentally friendly materials might be 

recognized as effective adsorbent and sustainable means for the separation of heavy 

metals from wastewater streams. That will lead to a new solution to water pollution 

required in the modern industrial society. 
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CHAPTER 1. INTRODUCTION 

1.1. Significance/Motivation 

Heavy metal pollution has increasingly drawn much attention from all over the 

world, due to its strong diffusibility, high toxicity, nonbiodegradability, and 

bioaccumulation in ecosystem. The main source of heavy metal ions contamination is 

from different industrial activities, such as mining operations, metal plating, 

petroleum refinery, electric device manufacturing, and so on [1,2].  According to U.S. 

Environmental Protection Agency, the chromium, zinc, nickel, and lead appear in the 

list of the priority toxic heavy metals. Industrial wastewater typically contains high 

concentrations of heavy metals such as chromium ranging from 0.5 to 270 mg/L [3], 

zinc has been recorded over 620 mg/L in drainage from abandoned copper mines [4], 

the lead concentrations in different industrial wastewaters are up to 100 - 150 mg/L 

[5], and the Ni(II) concentration in wastewater from mine drainage and metal 

finishing has been reported up to 130 mg/L [6]. Accumulation of heavy metals in an 

aquatic organism, and further transferred to the human body through food chains, 

causing various physical diseases or disorders even at very low concentrations. 

According to U.S. Environmental Protection Agency (EPA), the maximum 

contaminant level (MCL) of chromium, zinc, lead, and nickel ions in drinking water 

has been set at a low level of 0.005, 5, 0.015, and 0.1 mg/L, respectively [7]. 

Therefore, efficient removal of heavy metal ions from wastewater streams is 

important in the protection of environmental quality and public health. 

 Numbers of technologies (physical or chemical) have been used to remove heavy 

metals over the years such as chemical precipitation, solvent extraction, filtration, ion 

exchange, evaporation, reverse osmosis, electrolysis, and adsorption. However, these 
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methods are either too costly or inefficient in removing trace levels of heavy metal 

ions from aqueous solutions. The more ordinarily used of these methods is ion 

exchange, chemical precipitation, solvent extraction, and adsorption [8]. Adsorption is 

an effective and economical separation process that can be employed for heavy metal 

ion removal from wastewater steams by using various traditional adsorbents such as 

activated carbon, zeolite, silica, and alumina. However, recently adsorbents of 

biological origin like seaweed, alginate, and chitosan have been more attracted for 

heavy metals removal. Among these adsorbents, chitosan has been received a great 

attention over the last few decades due to its excellent adsorption behavior of uptake 

various toxic heavy metals and its unique properties such as friendly environment, 

low cost, easy to reuse, and effective in trace and medium level removal of heavy 

metal ions from industrial wastewater [9,10]. 

Chitosan is partially soluble in dilute mineral and organic acids, such as nitric 

acid, hydrochloric acid, phosphoric acid, acetic acid, and formic acid. Pristine 

chitosan tends to agglomerate and forms a gel in acidic solutions. Also, chitosan has 

crystallized form, low surface area, inadequate mechanical strength, and low thermal 

stability. Therefore, most of its active hydroxyl and amino groups become 

inaccessible for metal binding [11]. To improve and enlarge the mechanical strength 

and thermal stability of chitosan beads, and increasing the total surface area of 

adsorption. In this work, chitosan is physically spread/coated on natural substances, 

diatomaceous earth. 

 

1.2 Objectives and scopes of the study 

As mentioned early, chitosan in its natural form is soft and has a tendency to 

agglomerate or form gels and has relatively poor mechanical properties. Often binding 
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sites of this polymer in its natural form are not readily available for adsorption. 

Therefore, it is necessary to provide a physical support to increase the accessibility of 

the metal binding sites for adsorption process applications.  

The primary objective of this particular research is the development of a 

sustainable bio-adsorbent, a novel chitosan coated on natural and inert substances, 

diatomaceous earth, which is non-hazardous amorphous natural material formed from 

the remains of diatoms, and then formed into spherical beads by using drop-wise 

method to increase its surface area and enhance its mechanical properties. That leads 

to affordably implemented and maintained achievement of high simultaneous removal 

efficiency of contaminated heavy metal from aqueous waste streams. 

The novel prepared chitosan-diatomaceous earth beads were evaluated for 

chromium, zinc, lead, and nickel removal from aqueous solution by obtaining 

equilibrium adsorption data at various temperatures, initial metal concentrations, 

contact times, and solutions-pH. The regeneration of prepared adsorbents was carried 

out using various solutions including acidic and alkaline solutions. 

The specific scopes of the study included: 

(1) Develop chitosan based bio-adsorbents for removal of heavy metal ions.  

(2) Characterize the prepared adsorbents by scanning electron microscopy (SEM), 

Brunauer-Emmett-Teller (BET),  energy dispersive spectroscopic (EDS), zeta 

potential analyzer, X-ray microanalyses, Fourier transform infrared 

spectroscopy (FTIR), thermogravimetric analyzer (TGA), X-ray diffraction 

(XRD). Characterization of the liquid phase (filtrate) was carried out using 

inductively coupled plasma mass spectrometry (ICP-MS). 

(3) Evaluate the prepared adsorbent performance for removing selected heavy 

metal ions such as Cr(VI), Zn(II), Pb(II), and Ni(II) at different solutions-pH, 
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different initial concentrations, different temperatures, and different contact 

times. 

(4) Evaluate the performance of prepared adsorbents in the presence of various 

foreign ions. 

 (5) Study the regeneration characteristics under batch and dynamic conditions by 

using ethylene di-amine tetra acetic acid (EDTA), NaOH, and HCl. 

(6) Study the adsorption isotherms: to describe how adsorbates interact with 

adsorbents and determine the maximal adsorption capacities of prepared 

adsorbents. Moreover, adsorption isotherms are useful in demonstrating the 

extent of homogeneity of the adsorption sites and the affinity of these sites 

towards the adsorbed cations. 

(7) Study the adsorption kinetics : to establish the time course of metals uptake on 

the adsorbents.  

(8) Calculate the thermodynamic parameters, enthalpy (ΔH
o
) , Gibbs free energy 

(ΔG
o
), entropy (ΔS

o
), and isosteric heat of adsorption (ΔHx), for the adsorption 

process. They can help in testing whether or not the electrostatic binding 

forces are involved in adsorption process. 

 (9) Study of breakthrough characteristic of target metal ions under dynamic 

conditions. 

 

1.3. Background 

Among toxic substances, heavy metals pollution is one of the most dangerous 

pollution in the environment because they are stable and tend to persist and 

accumulate in the environment, and have extremely effect on human health. The 

major causes of water pollution include sewage, wastewater, industrial waste, marine 

dumping, radioactive waste, oil pollution, and atmospheric deposition. Heavy metals 
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are define as metals with a specific weight (density) usually more than 5 g/cm
3
, 

which is five times than water. Most heavy metals are transition elements 

because they have incompletely filled the outer orbitals, these orbitals provide 

heavy metal cations in solution with the ability to form complex components 

which may or may not be redox active. Heavy metals play an important role as 

trace element in sophisticated biochemical reaction. The toxic metals, probably 

existing in high concentrations, must be effectively treated or removed from the 

wastewaters. When wastewaters were discharged directly into natural waters, they 

will constitute a significant risk for the aqueous ecosystem, whereas the direct 

discharge into the sewerage system may affect negatively on the next biological 

wastewater treatment. The proper management of global environment is increasingly 

becoming an important issue. In view of effective environmental protection, heavy 

metals are particularly of priority because of their important industrial roles and wide 

presence in various water or wastewater, and also their accumulation through food 

chain, which sustains toxic or restrained effect on living things [12, 13]. 

 

1.3.1 Heavy metals 

Heavy metals are metallic elements and naturally occurring elements that have a 

high atomic weight between 63.5 and 200.6, and a specific gravity greater than 5.0 

[14]. Heavy metals wastewaters are directly or indirectly discharged into the 

environment increasingly, especially in developing countries. They accumulate in 

soils, plants, and animals due to their affinity for binding to solids and organisms. The 

presence of heavy metal ions in water causes adverse effects on ecosystems and 

results in human health issues such as cancer and other chronic diseases [15] 
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1.3.1.1. Chromium (Cr) 

In nature, chromium has several different oxidation states, namely trivalent 

chromium, Cr(III) and hexavalent chromium, Cr(VI). Chromium (III) is much less 

toxic than chromium (VI). The Cr(III) is an essential trace element for humans to 

remove glucose and protein metabolism from the bloodstream, whereas the Cr(VI) is 

considered to be one of the top priority toxic pollutants due to its mutagenicity and 

carcinogenicity [16]. Industrial applications of chromium compounds, in either the 

chromium (III) or chromium (VI) forms, which causes water pollution are mainly 

from leather tanning, electroplating, metal polishing, paint manufacturing, chromic 

salts industry, and textile dyeing. Human studies have clearly established that inhaled 

chromium (VI) is a human carcinogen, resulting in an increased risk of lung cancer. 

The World Health Organization (WHO) and the USEPA recommended the maximum 

allowable concentration for total chromium in drinking water to be 0.05 or 0.1 mg/L, 

and the regulation is becoming even tighter across the board world-wide [17]. 

 

1.3.1.2. Zinc (Zn) 

Zinc is a lustrous bluish-white metal. It can be extracted mainly from zinc blende 

and calamine ores. Zinc is called an “essential trace element” so we get it through the 

foods that we eat. Next, to iron, zinc is the most common mineral in the body and is 

found in every cell because very small amounts of zinc are necessary for human 

health. Most zinc is principally used to galvanize other metals, such as iron, to prevent 

rusting. Galvanized steel by zinc is used for car bodies, street lamp posts, safety 

barriers and suspension bridges. Large quantities of zinc are used in the automobile, 

electrical, and hardware industries. Zn(II) is commonly found in wastewater effluents 

generated from industries involved in acid-mine drainage, galvanizing plants, natural 
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ores, and municipal wastewater treatment plants [18]. The acceptable limits of zinc in 

drinking water is 5 mg/L, excess of zinc metal present in the water may lead to 

vomiting, nausea, skin irritations, disturb the protein metabolism, cause 

arteriosclerosis, stomach cramps, diarrhea, and even damage to the pancreas [19]. 

 

1.3.1.3. Lead (Pb) 

Lead is a dull, silvery-grey metal. It is soft and easily worked into sheets and 

contains two oxidation states, +2 and +4. Lead is used to make batteries, solders, and 

gasoline octane boosters. However, due to environmental hazards, many countries 

have stopped lead additive usage in gasoline. Solid and liquid sludge wastes 

contribute more than half of the Pb contamination into environment, mainly through 

the landfills, and approximately 20% of total mined lead is lost as wastage in 

manufacturing processes [20]. It can accumulate in human muscles, bones, kidney, 

brain and cause damage to some human organs such as blood cells and nerve system. 

Lead can enter the water system via several pathways, through mining, painting, 

corrosion of household plumbing, battery industrialized, petroleum industries and so 

on [21]. 

 

1.3.1.4. Nickel (Ni) 

Nickel can be found silver and white in several oxidation states ranging from -1 to 

+4. The most common state is the +2 oxidation state in bio-systems. Due to its 

properties, nickel is mostly used in the preparation of steel and alloys, catalysts, dyes, 

fungicides, pigments, in the manufacture of batteries, and used in gas turbines and 

rocket engines due to its resists corrosion at different high temperatures [22]. Nickel is 

released into the environment by a large number of processes such as electroplating, 
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leather tanning, wood preservation, pulp processing, and steel manufacturing, and the 

concentration levels of nickel in the environment widely varies [23]. Nickel and 

certain nickel compounds have been listed by the National Toxicology Program 

(NTP) as being reasonably anticipated to be carcinogens. The International Agency 

for Research on Cancer (IARC) has listed nickel compounds within group 1 (there is 

sufficient evidence for carcinogenicity in humans) [7, 24].  

 

1.3.2. Chitosan 

Chitosan was first discovered by Touget when boiling chitin in hydroxide 

solution in 1859. However, the first report of using chitosan in heavy metal adsorption 

was found in 1973 [25]. Commercially, chitosan is procured by N-deacetylation of 

chitin using a strong alkali. Chitin is one of the most abundantly available polymers 

after cellulose in nature, and exists in marine media especially in the exoskeleton of 

crustaceans, cartilages of mollusks and cuticles of insects. Figure 1-1 represents the 

chemical structure of chitin and chitosan. 

chitin is insoluble in water and most common solvents. It cannot readily be 

fabricated into useful artifacts such as adsorbents or membranes since it needs to be 

dissolved into a solution. Despite its abundance in nature and various advantages, the 

insolubility of chitin in common solvents limit its use [26]. Therefore, chitin is usually 

converted to its deacetylated derivative, chitosan. Chitosan is a copolymer of 

glucosamine and N-acetylglucosamine, and it has a high content of amine and 

hydroxyl  functional groups which are strongly reactive with metal ions. Chitosan can 

be characterized as a promising material not only due to its unique physical properties 

(macromolecular structure, non-toxicity, high safety, good chemical reactivity, 

biocompatibility, biodegradability, low-cost), but also its adsorption potential. 
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Nonetheless, chitosan has some disadvantages (i.e. low acid stability, crystallized 

form, low surface area, inadequate mechanical strength, and low thermal stability) 

which restrict its application [27]. 

The hydrogel beads of pristine chitosan show poor mechanical strength which has 

limited their application and reuse in water and wastewater remediation. Even though 

a number of papers have been published in the literature on the performance of metal 

ion removal with chitosan hydrogel beads, little research has been done on the 

improvement of the mechanical strength of the chitosan hydrogel beads. In order to 

reduce the disadvantages of chitosan, progresses have been made to produce chitosan 

that has a high acid stability by chemical crosslinking and grafting of the surfaces 

with various agents such as acrylic acid [28], ethylene glycol diglycidyl ether 

(EGDE), glutaraldehyde (GA), and epichlorohydrine (ECH) [29]. Reducing the 

crystallinity of pristine chitosan was done by producing chitosan hydrogel beads 

through a gel formation process because the heavy metal ions could be adsorbed onto 

the amorphous surface of the crystals. Chitosan has been spread on natural substances 

such as sand [30], perlite [31], clay [32], and bentonite [33] to improve the 

mechanical strength and thermal stability of chitosan beads, and increasing the total 

surface area of adsorption. 

 

Figure 1-1. Chemical structure of chitin and chitosan 
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Wan et al. 2010 [34] utilized the chitosan-coated sand for adsorbing copper (II) 

and lead (II) ions from water, the initial metal concentration was (100, 500, 1000, and 

2000 mg/g), pH solution was (2,3,4,5, and 6 ), the contact time was from 0.5 to 24 h. 

The results showed that the chitosan-coated sand  bioadsorbent has a high efficiency 

for removing copper and lead ions from water. The amount of adsorbed metal ions 

was higher with increasing pH for lead ion, but was trivial for copper ion. The 

maximum adsorption capacity of Cu(II) and Pb(II) ions were 8.18 and 12.32 mg/g, 

respectively at 4 h contact time. The Langmuir isotherm model represented the best 

description of the metal adsorption mechanism. The kinetic studies illustrated by the 

pseudo second-order reaction, which means that the chemical adsorption is the rate-

limiting step. 

Futalan et al. 2011 [35] investigated the comparative and competitive adsorption 

of copper, lead, and nickel by using chitosan immobilized on bentonite from aqueous 

solution at different temperature from 25 to 55 °C and contact time from 0 to 720 

minutes, with initial concentration metals of  50–500 mg/L and pH is 4 by using 

equilibrium adsorption. The total surface area of chitosan coated bentonite is 33.17 

m
2
/g. The results showed that the adsorption capacity is larger for Pb(II) than Cu(II) 

and Ni(II) for single and binary systems and the effect of increasing temperature 

slightly decreases removal percent and adsorption capacity for Pb(II), Cu(II), and 

Ni(II). Freundlich isotherm fitted the adsorption of copper and lead while the 

Langmuir isotherm fitted to the adsorption of nickel for single and binary systems. 

Kinetic studies indicated that the pseudo-second order is the best fit with R
2
 > 0.99 . 

The maximum adsorption capacities were 27 mg/g for lead, 23 mg/g for copper , and 

12 mg/g for nickel. 
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Paulino et al. 2011 [36] studied the effect of magnetite chitosan-based hydrogel 

graft-copolymerized with methylenebisacrylamide and acrylic acid on swelling 

kinetics of hydrogels and adsorption kinetic of lead , copper , and cadmium ions 

in aqueous solution. The results showed that the best conditions to remove metals 

were pH between 4.5 and 5.5, initial metal concentration is 300 mg/L, and dried 

hydrogel mass is 100 mg. Langmuir and Freundlich models of fitted data showed that 

may be a variation in the physicochemical phenomena associated with metal 

adsorption. The isotherm models detect that the efficiency of adsorption slightly 

decreases in the presence of magnetite, the presence of magnetite with chitosan 

reduces the swelling of adsorbents.  Adsorbents recovery was applied by external AC 

or DC magnetic fields. 

Sargın and Arslan, 2015 [37] prepared Chitosan/sporopollenin microcapsules via 

cross-linking and characterized by employing scanning electron microscopy, Fourier 

transform infrared spectroscopy and thermo gravimetric analysis for removing Cu(II), 

Cd(II), Cr(III), Ni(II) and Zn(II) ions at different metal ion concentration(2-12 ppm), 

pH-solution(3-6), amount of sorbent(0.05-0.25 g), temperature(298-318 K), and 

sorption time(60-480 min) from aqueous solution. The results showed that the 

maximum  sorption capacity of the chitosan/sporopollenin microcapsules was found 

to be Cu(II): 1.34, Cd(II): 0.77, Cr(III): 0.99, Ni(II): 0.58, and Zn(II): 0.71 mmol/g 

and showed higher affinity for the ions; Cu(II): 1.46, Cr(III): 1.16 and Ni(II): 0.81 

mmol/g, but lower for Cd(II): 0.15 and Zn(II): 0.25 mmol/g. Adsorption isotherm 

analysis showed that sorption equilibrium could be well defined by Langmuir 

adsorption model, indicating homogeneity of the sorption sites on the surface of the 

microcapsules. However, the adsorption process  thermodynamically was feasible and 

spontaneous. 
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Min et al. 2015 [38] prepared adsorbent of chitosan based electrospun nanofiber 

membrane for arsenate ions, As(V),  removal from water. Batch adsorption 

experiments were carried out to estimate the arsenate adsorption performance with 

different parameters such as pH- solution, initial concentration of arsenate, contact 

time, presence of coexisting anions, ionic strength, and natural organic matters. The 

results showed that chitosan based electrospun nanofiber membrane was highly 

porous with a large surface area. pH- solution played a key role in arsenate adsorption 

onto chitosan based electrospun nanofiber membrane, and higher uptake capacity was 

obtained at lower pH. Kinetics study revealed the adsorption equilibrium was 

achieved within 0.5 h, and the kinetics process was good fitted by the pseudo-second-

order model. Langmuir model correlated well with the adsorption isotherm 

experimental data, and the maximum adsorption capacity was found to be 30.8 mg/g 

of adsorbents. 

Nithya et al. 2016 [39] prepared glutaraldehye cross linked silica gel/chitosan-g-

poly(butyl acrylate) (Cs-g-PBA/SG) nano composite by sol–gel method for removal 

of toxic chromium ion, Cr(VI), from wastewater. The adsorption process was brought 

under batch mode to suit the optimal parameters such as contact time, pH-solution, 

adsorbent dose, and initial metal ion concentration. Equilibrium data agreed well with 

the Langmuir isotherm model (R
2
= 0.9763) with maximum adsorption capacity of 

55.71 mg/g. The kinetic studies showed that the adsorption follows the pseudo-

second-order kinetics (R
2
= 0.9999). The study demonstrated that the variation of 

adsorbent dose, contact time, initial metal ion concentration and pH had a marked 

influence on the removal of Cr(VI) ions from the aqueous solution. The experimental 

results showed that the optimum adsorbent dose, contact time and pH were found to 

be 4 g, 120 min, and pH 7, respectively. 
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1.3.3 Diatomaceous earth 

Diatomaceous earth (DE) is composed of the fossilized shells of tiny marine 

organisms called diatoms, which grew and deposited in the seas or lakes. The shells 

are made mainly of silica which is also found in sand and glass. It is a white, light, 

fine powder, abundant in nature, and non-toxic material, but it is slightly abrasive and 

highly absorbent. Even though the diatomaceous earth is not harmful to human, 

breathing the dust of the mineral should be avoided. Commercially, diatomaceous 

earth is generally produced from natural diatomite by calcination processing at about 

900 °C [40,10]. 

Diatomaceous earth is used as a filter medium and very suitable for water 

treatment and completion fluids, but also effective in other liquid filtration processes, 

such as beer, wine, and syrups. Moreover, It is used to remove unwanted material 

from drinking water. It is also used as a filler or to prevent formation of lumps in 

foods, medicine, paints and plastics, and pet litter. It is used to clean up spills or for 

insulation in industry. The typical chemical and physical properties of diatomaceous 

earth are given in Table 1-1 [13]. Due to its chemical makeup, diatomaceous earth is 

not degraded by microbes or by sunlight. Also, it does not emit vapors or dissolve 

well in water. 
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Table 1-1: Physical and chemical properties of diatomaceous earth 

Parameters Value 

Color white 

Structure porous 

Wet density 0.344 g/cm³ 

Surface amorphous 

pH (10% slurry) 6.4 – 9.7 

Porosity 86.23 

Permeability 0.1–10 mD 

Surface Area (m
2
/g) 23.8 

Solubility 
Soluble in hot and strong alkali (NaOH) and  hydrofluoric 

acid (HF) 

Chemical composition SiO2 90%, Al2O3 4%,  Fe2O3 , 2 % , CaO 1.4%, others 2.6% 

 

1.4. Overview 

This dissertation consists of six chapters: 

Chapter 1 outlines the motivation, objectives , and background of this study, 

including the effect of heavy metals on human and ecosystem. Also, presents the 

structure and properties of chitosan, heavy metals, and diatomaceous earth. 

Chapter 2  describes the preparation and characterization of pristine chitosan 

adsorbent and its application in adsorption of chromium and zinc ions from aqueous 

solution. 

Chapter 3 presents the preparation and characterization of new chitosan coated 

diatomaceous earth composite. Indicating adsorption behavior and performance of 

new prepared adsorbents for Zn(II) removal at different conditions such as solution-

pH, contact time, temperature, and initial zinc concentrations in batch and continuous 

adsorption process and study the fixed bed breakthrough behaviors. 
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Chapter 4 presents the adsorption performance of prepared chitosan coated 

diatomaceous earth adsorbents on removal of chromium heavy metal from aqueous 

solution and investigating the chromium adsorption isotherms and kinetics at different 

temperatures and contact times. 

Chapter 5 describes the adsorption behavior of nickel and lead ions onto 

chitosan/diatomaceous earth composite. Investigating the effect of coexisting ions on 

adsorption capacity of heavy metals, and study the regeneration and reusability of 

prepared adsorbents using various agents.  

Chapter 6 presents the conclusions drawn from this research and some 

recommendations for future studies. 
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CHAPTER 2. PREPARATION AND 

CHARACTERIZATION OF BIOADSORBENT BEADS 

FOR CHROMIUM AND ZINC IONS ADSORPTION 

 

 

2.1  Abstract 

Low-cost chitosan beads were prepared by dropping chitosan solution into an 

alkaline bath and then were used for Cr(VI) and Zn(II) ions adsorption from aqueous 

solution. Prepared chitosan beads were characterized by Fourier transform infrared 

spectroscopy (FTIR), thermal gravimetric analysis (TGA), Brunauer-Emmett-Teller 

(BET) measurements, scanning electron microscopy (SEM), and energy dispersive X-

ray spectroscopy (EDS). The effect of solution-pH, contact time, initial ion 

concentration, and temperature on both metal ions adsorption was investigated. The 

kinetics of adsorption suggested a pseudo-second-order model fits better than pseudo-

first-order model for both metals. The equilibrium adsorption isotherm of both metals 

matches well with the Langmuir isotherm model. The maximum adsorption capacity 

of chitosan beads was 79.56 mg Cr(VI)/g and 109.18 mg Zn(II)/g at initial ion 

concentration 1000 mg/L, and temperature 10
 

°C. Thermodynamic parameters 

showed that the adsorption of Cr(VI) and Zn(II) ions onto chitosan beads was 

feasible, spontaneous, and exothermic under the studied conditions. While the 

chitosan beads enabled a good adsorption application, further lab work and field 

studies are necessary before using in a practical adsorption process. 
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2.2  Introduction 

The most important and essential compound on the ground is water for all living 

creatures. However, rapidly growing population, climate change, and environmental 

deterioration affect the quality of water supplies. Water contamination caused by 

heavy metals has been identified as serious environmental issues worldwide, since 

heavy metals are highly toxic, non-biodegradable, non-metabolizable, and can cause 

many biological abnormalities and tend to accumulate in the food chains. Heavy 

metals mainly exist in the wastewaters of many industries such as metal plating, 

mining operations, electric device manufacturing, and battery production [41]. There 

are many heavy metal ions including chromium and zinc that appear in the U.S. 

Environmental Protection Agency’s priority list of pollutants due to their high 

toxicity, prevalence, existence and persistence in the environment [42]. The 

accumulation of Cr(VI) in human body causes a stomach erosion, hemorrhaging, and 

death is likely. The main symptoms of Zn(II) poisoning are an electrolyte imbalance, 

stomachache, dehydration, nausea, dizziness, and incoordination in muscles [43]. 

Physical, chemical, and biological processes for heavy metals removal from 

wastewater have been extensively researched and used such as adsorption, reverse 

osmosis, ion exchange, evaporation, solvent extraction, chemical precipitation, 

filtration, flotation, membrane, coagulation and flocculation, and electrochemical 

methods [44]. Adsorption has been considered as the most cost-effective method for 

heavy metals removal from aqueous solution because the process is simple in design 

and chemical consumption or/and waste generation are not a significant issue 

compared with other methods. Traditional adsorbents such as activated carbon are not 

efficient in a low concentration of pollutants, and therefore it needs additives with a 

higher surface area to enhance the adsorption capacity. In recent decades, 
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bioadsorbent materials for biological origin have emerged as an attractive material for 

removing heavy metals from wastewater streams, largely because these materials are 

sustainable, abundant in nature, cheap, effective in low and medium metal level, and 

easy to regenerate for reuse [45]. Many biological materials have shown a good 

adsorption capacities for heavy metals from aqueous solution such as alginate [46], 

seaweed [47], husk [48], sugar beet pulp [49], and chitosan [50]. 

Chitosan is a natural organic material, commercially produced by partial 

deacetylation of chitin, which is the second plentiful organic component in nature 

next to cellulose polymer. Due to the presence of amino (-NH2) and hydroxyl (-OH) 

groups in its structure, chitosan is capable to adsorb heavy metals from aqueous 

solution by creating an electronic bond between these active sites and metal ions [51, 

52]. In addition, chitosan has been investigated by many studies as an excellent 

material for heavy metal adsorption such as cadmium and copper [28], arsenic [41], 

and chromium and zinc [53, 54, 55, 56].  

In this study, chitosan was prepared in spherical shape instead of using its original 

form- powder, which has been applied in previous studies, to enhance its total surface 

area, reduce its agglomeration in acidic media, and to increase the metal ions 

spreading onto active sites, and then it was used to remove Cr(VI) and Zn(II) ions 

from aqueous solution. In addition, the performance of prepared chitosan beads was 

characterized by Fourier transform infrared spectroscopy (FTIR), thermal gravimetric 

analysis  (TGA), Brunauer-Emmett-Teller (BET) measurements, scanning electron 

microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS). Moreover, the 

adsorption process was examined as a function of solution-pH, contact time, initial 

metal ion concentration, and temperature. Eventually, adsorption isotherms, 

thermodynamic parameters, and the mechanism of adsorption were investigated. 
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2.3 Materials and methods 

2.3.1 Materials 

Medium molecular weight chitosan biopolymer (deacetylation degree is 87 %, the 

molecular weight is ~190,000 - 310,000 g/mol) was procured from Aldrich Chemical 

Corporation and used to synthesize chitosan beads. Zinc sulfate heptahydrate 

(H14O11SZn) and potassium dichromate (K2Cr2O7) were used to prepare a stock 

solution containing 1000 mg/L of Cr(VI) or Zn(II) ions. Sodium hydroxide, oxalic 

acid, and deionized water were used to adjust the solution-pH and to dissolve 

chitosan. All chemicals that were used in this study were analytical grade and used as 

received without further purification. 

 

2.3.2  Preparation of chitosan beads 

Chitosan gel solution was prepared by dissolving 20 g of chitosan into 1 L of 0.2 

mol/L oxalic acid solution under continuous stirring. The chitosan solution was heated 

to 65-70 °C to facilitate acylation. Spherical chitosan beads were prepared by using 

the drop-wise method - drop wise addition of the chitosan mixture gel solution into a 

precipitation bath containing 0.8 mol/L NaOH solution. The objective of dropping 

chitosan gel solution into a basic solution is to rapidly neutralize the drops and get a 

spherical shape of chitosan beads. The chitosan hydrogel beads remained in the 

NaOH solution with slowly stirred mixing (60 rpm) for 6 h for hardening. The 

hardened spherical chitosan beads were washed by deionized water for neutralizing 

and removing sodium ions that might be attached to the chitosan beads. Eventually, 

the chitosan beads were dried by vacuum furnace for 24 h at 70 °C. The final dry 

chitosan beads had an average diameter of 1 mm and they were available for 

adsorption experimental work as shown in Figure 2-1.  

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=H14O11SZn&sort=mw&sort_dir=asc
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Figure 2-1  (a) wet chitosan beads, (b) dry chitosan beads, (c) single chitosan bead, (d) scanning 

electron microscopy (SEM) images of fresh chitosan beads (scanning electron microscopy images, 

500 μm and 1000 kV image magnification). 

 

2.3.3 Adsorption experiments 

Batch adsorption experiments of Cr(VI) and Zn(II) ions adsorption onto chitosan 

beads from aqueous solution were studied at initial metal concentrations of 50, 100, 

250, 500, and 1000 mg/L. In a series of 125 mL Erlenmeyer flasks, 50 mL of Cr(VI) 

or Zn(II) liquid solution at different concentrations and 0.5 g of chitosan beads were 

agitated in an orbital shaker at 200 rpm for 8 h. The volume of the liquid solution 

without chitosan beads was 42.5 mL, measured by burette after 8 h of stirring, and 

that volume was used to determine the chitosan beads adsorption capacity. After a 

certain time, samples were taken from the flasks and filtrated to determine the final 

(a) (b) 

(c) (d) 
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metal ion concentrations in the solution samples. Inductively Coupled Plasma-Mass 

Spectrometer (ICP-MS) was used to determine the metal ion concentration in the 

samples. When the steady state of adsorption attained, the adsorption capacity of 

chitosan beads was determined by using Equation (2-1) that generated from the mass 

balance of metal ions [57]: 

                          
(     ) 

 
                                                                                      (   ) 

Where qe is the equilibrium adsorption capacity (mmol/g), C0 is the initial metal 

concentration in the solution (mmol/L), and Ce is the equilibrium metal concentration 

in the solution (mmol/L), V is the volume of solution (L), and m is the mass of 

chitosan beads (g). Batch adsorption runs were studied at different temperatures, 

different initial metal ion concentrations, different solutions-pH, and different contact 

times. 

 

2.4 Results and discussion 

2.4.1 Characterization of chitosan beads 

Chitosan beads were characterized to estimate some of their physical and 

chemical properties. They provide a better interpretation of Zn(II) and Cr(VI) 

adsorption mechanism associated with the adsorption process. Some physical and 

chemical properties of dried chitosan beads are summarized in Table 2-1. We can see 

that the BET surface area of chitosan beads was found to be 1.9 m
2
/g, which is not too 

large compared to other adsorbents like activated carbon and silica because chitosan 

material in its natural form is soft. The solution-pH of chitosan beads at the point of 

zero charges (pHZPC) was 6.63, that means the surface of chitosan beads has a positive 

charge at pH less than 6.63, which is presumably created by the protonation of amine 

groups in the chitosan. Therefore, the negative species are favorite to adsorb at low 
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pH and species that have positive charges (heavy metals) are easily adsorbed and 

interacted on chitosan beads at pH greater than 6.63.  

Thermal gravimetric analysis (TGA) (Figure 2-2) was carried out to investigate 

the thermal stability of chitosan beads. About 1.842 g of chitosan beads was used 

during the TGA-test. The sample was heated from 22 to 900 °C at a rate of 5 °C/min.  

Figure 2-2 shows that there are three distinctive steps of weight loss. First, about 5% 

weight loss occurred at 144 °C due to the loss of water content (dehydration). Second, 

24% weight loss occurred at 370 °C which may correspond to the degradation 

behavior of the chitosan, including dehydration of the saccharide rings and 

depolymerization of chitosan. Third, about 38% weight loss happened at 686 °C 

which may correspond to the decomposition (thermal and oxidative) of chitosan. This 

result is in agreement with Nieto et al. 1991[58] and Neto et al. 2005 [59]. 

Results of Fourier transform infrared spectroscopy (FTIR) analysis are shown in 

Figure 2-3. The FTIR spectroscopy technique can be used for chemical 

characterization of the adsorbents and to probe probable attractions between the metal 

ions and functional groups on the adsorbent surface. The FTIR spectra method used in 

this study was diffuse reflectance, considering transmission data for diffuse 

reflectance. Figure 2-3 presents measured of Kubelka Munk absorption coefficients 

for chitosan bead, for describing diffuse laser light reflectance that passes through the 

sample (chitosan beads). It can be seen that the chitosan beads exhibit a large band of 

the amine group (N-H) stretching between 3200 and 3510 cm
−1

, and a peak between 

1400 and 1655 cm
-1

 corresponds to C=N stretching bond. These observations indicate 

that the amine groups are present in chitosan beads and successfully bonded with 

heavy metals, indicating that the metal ions are adsorbed onto chitosan beads [60].  
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In order to determine the elemental composition of the chitosan beads, energy 

dispersive X-ray spectroscopy (EDS) analysis was attained. EDS X-ray microanalysis 

was performed on chitosan beads before and after exposure to the Cr(VI) or Zn(II) 

solutions. Results are shown in Figure 2-4. EDS analysis clearly shows the presence 

of C, N, and O. The higher percentage of O along with N enhances the interaction 

between chitosan beads and heavy metals. Moreover, we can see from the  Figure 2-

4b, that large peaks occur at 0.5 kV (Kα, Cr) and at 5.2 kV (Kβ, Cr) for Cr(VI) ions 

representing adsorption to chitosan beads. Similarly, in Figure 2-4c, large peaks can 

be seen at 1 kV (Kα, Zn) and at 8.7 kv (Kβ, Zn) which are representative for Zn(II) 

ion adsorption. Results from EDS X-ray show a small peak of sodium ions, which can 

be assigned to sodium hydroxide that was used during the preparation of the chitosan 

gel. The mass percentage of each element within/on chitosan beads is explained in the 

tables located within Figure 2-4. The total weight percentages of fresh beads, beads 

loaded with Cr(VI), and beads loaded with Zn(II) are 99.22, 99.00 %, and 98.40%, 

respectively. The remaining percentages can be explained by platinum that was used 

to coat chitosan beads during the EDS X-ray test to avoid burning or other damage to 

the chitosan beads. 

 



24 

 

 

 
Figure 2-2 Thermal gravimetric analysis  (TGA) curve of fresh chitosan beads (weight loss as a 

function of time). 

 

 

Figure 2-3 Fourier transform infrared spectroscopy (FTIR) of chitosan beads. 
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Figure 2-4 Energy Dispersive X- ray Spectroscopy (EDS) of (a) fresh chitosan beads, (b) chitosan 

beads loaded with Cr(VI), and (c) chitosan beads loaded with Zn(II) (cps/eV: counts per second 

per electron-volt). 

 

Fresh chitosan beads 

Elements Mass % 

Carbon (C ) 57.11 

Nitrogen (N) 17.60 

Oxygen (O) 18.26 

Sodium (Na) 6.25 

 

Chitosan loaded with Cr(VI) 

Elements Mass % 

Carbon (C) 48.98 

Oxygen (O) 16.87 

Nitrogen (N) 14 

Sodium (Na) 3.19 

Potassium (P) 5.30 

Chromium (Cr) 10.66 

 

Chitosan loaded with Zn(II) 

Elements Mass % 

Carbon (C) 51.32 

Oxygen (O) 15.92 

Nitrogen (N) 13.7 

Sodium (Na) 3.10 

Zinc (Zn) 8.65 

Sulfur (S)  5.71 

 

(a) 

(b) 

(c) 

Energy (keV) 

Energy (keV) 

Energy (keV) 
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Table 2.1  Physical and chemical properties of prepared chitosan beads. 

Parameters Value 

Physical nature porous 

Average particle diameter (mm) 1 

Surface area (m
2
/g)

*
 1.9 

Pore size (mm)
*
 3.73 × 10

-6
 

Pore volume (m
3
/g)

*
 8.2 × 10

-9
 

pH at the point of zero charge (pHZPC) 6.63 

Carbon content (wt%) 57.11 

Oxygen content (wt%) 18.26 

Nitrogen content (wt%) 17.60 

Sodium content (wt%) 6.25 

*
Determined by Brunauer-Emmett-Teller (BET) measurement. 

 

2.4.2  Effect of initial pH on adsorption 

Figure 2-5 shows the effect of solution-pH on the adsorption of Zn(II) and Cr(VI) 

ions onto chitosan beads. These results show that the Cr(VI) ion adsorption was raised 

up from 1.2 mmol/g at pH 2 to 1.53 mmol/g at pH 5 and then was raised down to 1.35 

mmol/g at pH 8. The maximum rate of Cr(VI) removal from aqueous solution onto 

chitosan beads was about 1.53 mmol/g (79.56 mg/g) at pH 5. In acidic solution, the 

Cr(VI) ions are mostly in form of H2CrO4 which has a neutral charge and does not 

adsorb onto chitosan beads. It is assumed that the competition happened between the 

remaining Cr(VI) ions as CrO4
2-

 and the positive hydrogen ions (H
+
) at low pH, 

between 2 and 4, which presumably reduced the adsorption capacity of Cr(VI). These 

results are in a good agreement with Toledo et al. 2014 [49]; Arvand & Pakseresht 

2013 [61]; Hu et al. 2011 [62]. In their experiments, in basic solution (pH > 7), the 

protonation of amine groups was reduced and the concentration of hydroxyl groups 

(OH
-
) increased which creates a negative surface charge on chitosan beads. That leads 
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to produce a repulsive interaction between CrO4
2- 

ions and chitosan beads, which 

decreases the adsorption capacity of Cr(VI) in basic solution [54, 63]. 

The increase in Zn(II) ions removal with increasing solution-pH from 2 to 6 could 

be explained by reducing the hydrogen proton (H
+
) and positive Zn(II) ions 

competition at the same active sites on chitosan beads. In acidic media, chitosan beads 

surface is positively charged due to the protonation of amino groups, which decreases 

the interaction between active sites in chitosan beads and Zn(II) ions [64]. After 

solution-pH exceeded 6, it was observed that the zinc hydroxide was formed and 

precipitated in the solution. The results showed that the Zn(II) adsorption onto 

chitosan beads from aqueous solution was affected strongly by solution-pH and the 

maximum adsorption capacity for Zn(II) ion was 1.67 mmol/g (109.18 mg/g) at pH 6. 

In addition, it was observed that at low solution-pH (pH = 3), swelling and 

agglomeration of chitosan beads occurred and tended to form a gel.  

 

 

Figure 2-5 Effect of initial solution-pH on Zn(II) and Cr(VI) adsorption onto chitosan beads 

(initial concentration (C0) for Zn(II) = 15.3 mmol/L; C0 for Cr(VI) = 19.23 mmol/L; temperature 

= 10 °C; mass of chitosan beads = 0.5 g). 
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2.4.3  Effect of initial ion concentration on adsorption 

The effect of initial metal concentration on adsorption capacity of Cr(VI) and 

Zn(II) ions onto chitosan beads was investigated by considering different ranges of 

initial Cr(VI) concentrations (0.96, 1.92, 4.8, 9.6, and 19.23 mmol/L) at pH 6 and 

temperature 10 °C. And for Zn(II) ions, initial concentrations were 0.76, 1.53, 3.8, 

7.65, and 15.3 mmol/L at pH 5, temperature 10 °C, and 0.25 - 8 h contact time. 

Varying the initial metal concentration can affect the driving forces of adsorption and 

consequently affect the adsorption behavior of metal ions onto chitosan beads. The 

results are illustrated in Figure 2-6. Cr(VI) ions removal was significantly increased 

from 0.084 to 1.53 mmol/g when the initial Cr(VI) concentration increased from 0.96 

to 19.23 mmol/L. However, increasing the initial Zn(II) concentration from 0.76 to 

15.3 mmol/L caused an increase in Zn(II) removal from 0.1 to 1.67 mmol/g onto 

chitosan beads. That is because, at high initial metal concentration, the concentration 

gradient between bulk solution and chitosan beads surface overcomes the mass 

transfer resistance of Zn(II) and Cr(VI) ions. The adsorption of both metals was rapid 

in the first 1.5 h and then slowed down until it reached the equilibrium in around 3 h 

in most of the adsorption runs. It is understood that all the adsorption sites are 

available at the initial stage (fast adsorption), while the adsorption sites are gradually 

occupied with the adsorption process until all of them are not be free. These results 

show that the adsorption process of Cr(VI) and Zn(II) ions onto chitosan beads from 

aqueous solution is fast and affected significantly by initial metal ion concentration. 
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Figure 2-6 Adsorption capacity (qt) as a function of time for different initial metal concentrations 

in solution (C0) for (a) Cr(VI) ions and (b) Zn(II) ions (pH = 5; mass of chitosan beads = 0.5 g; 

temperature = 10 °C). 

 

2.4.4  Effect of temperature on adsorption 

The effect of temperature on the adsorption of Cr(VI) and Zn(II) ions onto 

chitosan beads was investigated at 10, 20, 30, and 40 °C. As shown in Figure 2-7, the 

results showed that the low temperatures were favorite for Cr(VI) and Zn(II) ions 
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adsorption onto chitosan beads. It can be seen that due to a temperature increase from 

10 to 40 °C, the Zn(II) adsorption was reduced to 1.34 mmol/g from 1.67 mmol/g, 

whereas, the Cr(VI) adsorption was decreased from 1.53 at 10 °C to 1.12 mmol/g at 

40 °C. The reason for this phenomenon is when the temperature increases, the 

solubility of metal ions species increases in the solution. Consequently, the Van der 

Waals interaction forces between the metal ions and solution are stronger than those 

between metal ions and adsorbent [65]. As a result, the metal ions are more difficult 

to adsorb at high temperature. 

 

 

Figure 2-7 Equilibrium adsorption capacity (qe) as a function of temperature (T) for Cr(VI) and 

Zn(II) (C0 for Zn(II) = 15.3 mmol/L; C0 for Cr(VI) = 19.23 mmol/L; pH = 5 - 6; mass of chitosan 

beads = 0.5 g). 

 

Thermodynamic parameters including Gibb’s free energy (ΔG°), enthalpy (ΔH°), 

and entropy (ΔS°) were determined for Cr(VI) and Zn(II) adsorption onto chitosan 

beads by using following equation [66]: 
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Where ΔG
o
 can be expressed as, 

                                                                                                                         (   ) 

Substituting Equation (2-2) into (2-3) provides the van't Hoff equation [66, 67], 

                                     
   

 
 
   

  
                                                                         (   ) 

                                     
  
  
                                                                                            (   ) 

Where R is the universal gas constant (8.314 J/mol.K), T is the absolute 

temperature (K), ΔG° is Gibb’s free energy (J/mol), and Kd is the equilibrium 

partition coefficient between solid and liquid solution (L/g), Ce is the equilibrium 

concentration of metal ions in the solution (mmol/L), qe is the equilibrium adsorption 

capacity onto chitosan beads (mmol/g) . 

By plotting (ln Kd) against 1/T, the values of ΔH° (J/mol) and ΔS° (J/mol) can be 

determined (Figure 2-8). The determined ΔH° may be considered as the heat of 

adsorption when the adsorption capacity of chitosan beads reaches its saturated 

capacity of Cr(VI) or Zn(II) ions. Obtained values of lnKd, ΔH°, ΔS°, and ΔG° are 

listed in Table 2-2. The results of metal ions adsorption onto chitosan beads show that 

the adsorption process was exothermic and the negative values of ΔG° at the low 

temperature specified that the adsorption was spontaneous. The thermodynamic 

parameter values that were obtained in this study are in a good agreement with Aydın 

et al. 2009 [68] and Hawari et al. 2009 [69].   

Isosteric heat of adsorption (ΔHx) is a useful pertinent thermodynamic factor for 

characterizing the temperature effect on the adsorption process. It is defined as the 

heat of adsorption occurring at constant adsorption capacities of metal ions onto 

adsorbent by using the well-known Clausius-Clapeyron Equation [65],  

                           
 (    )

  
  

   
   

                                                                                 (   ) 
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Integrating Equation (2-6), assuming that the     does not depend on 

temperature, gives Equation (2-7) [65], 

                                  (
   
 
)
 

 
                                                                        (   ) 

Where Kq is the integral constant (mmol/L), Ce is the equilibrium concentration of 

metal ions in the solution (mmol/L), R is the universal gas constant (8.314 J/mol.K), T 

is the absolute temperature (K). From the slope of plotting (ln Ce) against 1/T (Figure 

2-9 and 2-10), the value of ΔHx can be determined. Values of ΔHx were obtained at 

different temperatures (10, 20, 30, and 40 °C) and at different adsorption capacities of 

Cr(VI) or Zn(II) ions onto chitosan beads. From Table 2-3, it could be seen that the 

variation of ΔHx values with adsorption capacities of Cr(VI) or Zn(II) is indicative 

that the chitosan beads have energetically homogeneous surfaces. In addition, the 

variation of ΔHx values with the adsorption capacities can be attributed to the 

possibility of the competition between the adsorbed heavy metal ions and other ions 

in solution such as Na, SO4, originating from metal salts onto the same active groups 

(-NH2, -OH). The results show that the ΔHx was strongly depended on the adsorption 

capacities, which decreased with increasing the adsorption capacities. This can be 

seen as a hint on a rather homogeneous surface of chitosan beads. Otherwise, in case 

the surface of chitosan beads would be heterogeneous, the ΔHx of metal ions 

adsorption onto chitosan beads would be constant even at varying adsorption 

capacities of metal ions [65, 70]. It can be assumed that the high value of ΔHx at low 

adsorption capacities (qe) refers to high initial interactions between adsorbed metal 

ions and chitosan beads due to the presence of highly active amine and hydroxyl 

groups within the chitosan [65]. 
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Figure 2-8 ln Kd as a function of 1/T for Cr(VI) and Zn(II). Lines indicate linear fits (C0 = 1000 

mg/L for both metals). 

 

 

Figure 2-9 ln Ce as a function of 1/T for Cr(VI) adsorption onto chitosan beads at different 

adsorption capacities (qe). Lines indicate linear fits. 
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Figure 2-10 ln Ce as a function of 1/T for Zn(II) adsorption onto chitosan beads at different 

adsorption capacities (qe). Lines indicate linear fits. 

 

Table 2-2 Thermodynamic parameters and fitted ln Kd of Cr(VI) and Zn(II) adsorption onto 

chitosan beads. 

Cr(VI) Zn(II) 

T(K) 
ln Kd 

(L/g) 

ΔG° 

(kJ/mol) 

ΔH° 

(kJ/mol) 

ΔS° 

(kJ/mol K) 

ln Kd 

(L/g) 

ΔG° 

(kJ/mol) 

ΔH° 

(kJ/mol) 

ΔS° 

(kJ/mol K) 

283 0.31 - 1.208 

- 48.04 - 0.165 

0.75 - 1.974 

- 45.65 - 0.154 
293 0.16 0.446 0.29 - 0.431 

303 - 0.9 2.101 - 0.4 1.112 

313 - 1.5 3.756 - 1.0 2.655 
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Table 2-3 Isosteric heat of Cr(VI) and Zn(II) adsorption onto chitosan beads at constant 

adsorption capacities (qe) with Kq-constant values, and coefficients of determination. 

Heavy 

metals 

Adsorption 

capacity (qe) 

(mmol/g) 

Isosteric heat of 

adsorption (ΔHx) 

(kJ/mol) 

Kq- 

constant 

(mmol/L) 

Coefficient of 

determination 

(R
2
) 

Cr(VI) 

0.12 - 49.786 20.307 0.9898 

0.13 - 53.117 21.551 0.9919 

0.16 - 53.623 21.969 0.9961 

0.21 - 55.782 23.038 0.9903 

0.43 - 61.477 25.532 0.9867 

Zn(II) 

0.22 - 57.733 23.215 0.9998 

0.32 - 58.763 23.679 0.9996 

0.47 - 59.056 24.117 0.9908 

0.58 - 59.874 24.383 0.9951 

0.74 - 64.187 26.406 0.9971 

 

 

2.4.5  Adsorption kinetics 

The adsorption kinetics of Cr(VI) and Zn(II) adsorption onto chitosan beads were 

determined by carrying out measurements after different contact times (0.25, 0.5, 

0.75, 1, 2, 3, 4, and 8 h), temperature of 10 °C, a solution-pH of 6, and an initial metal 

concentration of 1000 mg/L. To explore adsorption behavior, both pseudo-first-order 

and pseudo-second-order models were used to fit adsorption data, as shown in Figure 

2-11. Generally, the linear pseudo-first-order and pseudo-second-order models are 

respectively expressed by Equation 2-8 and 2-9 [71, 72]: 

                         (     )    (  )  
  
     

                                                             (   ) 
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Where qe and qt (mmol/g) are the adsorption capacities of metal ions onto chitosan 

beads at equilibrium and at time t (h), respectively, k1 is the rate constant of the first-

order adsorption process (h
-1

), k2  is the rate constant of the second-order adsorption 

process [g/(mmol.h)]. 

It can be clearly observed from Figure 2-11 that the adsorption data of both metals 

were fitted better by the pseudo-second-order model (Figure 2-11b) than the pseudo-

first-order model (Figure 2-11a), suggesting that the whole adsorption process is 

mainly controlled by chemisorption that is involved in valence forces for sharing or 

exchanging electrons through coordination or chelation between amine groups in 

chitosan beads and heavy metal ions [2]. 
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Figure 2-11 (a) Pseudo first-order kinetics (solid lines), (b) pseudo second-order kinetics (solid 

lines) fitted for Cr(VI) and Zn(II) adsorption experiments (pH = 5-6; mass of chitosan beads = 

0.5 g; C0 = 1000 mg/L for both metals; temperature = 10 °C). 

 

2.4.6  Adsorption isotherms 

Adsorption equilibrium was studied at different initial metal concentrations, for 

Cr(VI) ions at 0.96, 1.92, 4.8, 9.6, and 19.23 mmol/L, and for Zn(II) ions at 0.76, 
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°C for 8 h. The Langmuir and Freundlich models are the most commonly used 

isotherm models. The Langmuir isotherm model is based on monolayer adsorption 

onto an adsorbent surface containing a limited number of adsorptive sites with 

uniform energies. The Freundlich isotherm model, can be used for the adsorption onto 

heterogeneous surfaces and multilayer adsorption with different energies [11]. 

Langmuir and Freundlich isotherm models were fitted to the equilibrium 

adsorption data to determine the relationship between the adsorption isotherm 

parameters and to shed light on how the heavy metals interact with the chitosan beads 

surfaces. In linearized form, Langmuir isotherm is expressed as follows [73]: 

                            
  
  
 

 

    
 
  
  
                                                                              (    ) 

Where Ce is the equilibrium concentration of metal ions in the solution (mmol/L), 

qe and qm are the equilibrium and theoretical maximum adsorption capacity (mmol/g), 

respectively. KL is the Langmuir constant (L/g) related to binding energy. 

The Freundlich isotherm is given as follows [73]: 

                                   
 

 
                                                                              (    ) 

Where KF is the Freundlich constant (mmol/g) and n is the Freundlich exponent 

(unitless). Langmuir and Freundlich isotherms for Cr(VI) and Zn(II) adsorption onto 

chitosan beads from aqueous solution are presented in Figure 2-12, and fitted kinetic 

parameters are shown in Table 2-4. Based on the contrasting results of the correlation 

coefficients R
2
 of Langmuir isotherm (RL

2
) and Freundlich model (RF

2
), the 

correlation coefficients of Langmuir isotherm (RL
2
) were all above 0.91 for both metal 

ions, indicating that the data were fitted better by Langmuir isotherm than by 

Freundlich isotherm, suggesting that Langmuir isotherm model could well interpret 

the adsorption procedure, which indicates that the adsorption process of both metals 



39 

 

on the chitosan beads is driven by the formation of a heavy metal monolayer on the 

adsorbent surfaces. In this case, such surfaces show a homogeneous morphology of 

chitosan beads and a finite number of identical active sites [73, 74]. 

 

Figure 2-12 (a) Langmuir isotherms (solid lines), (b) Freundlich isotherms (solid lines) fitted for 

Cr(VI) and Zn(II) adsorption experiments (pH = 5-6; mass of chitosan beads = 0.5 g; 

temperature = 10 °C). 
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Table 2-4 Langmuir and Freundlich isotherm parameters for Cr(VI) and Zn(II) adsorption onto 

chitosan beads. 

Langmuir parameters Freundlich parameters 

Heavy 

metals 

qm 

(mmol/g) 
KL(mmol/L) RL

2
 1/n 

KF 

(mmol/g) 
RF

2
 

Cr(VI) 1.713 1.6715 0.997 0.102 1.24 0.915 

Zn(II) 1.86 3.88 0.915 0.204 1.24 0.829 

 

 

2.5 Conclusions 

This study indicates that the removal rate of Cr(VI) and Zn(II) ions from aqueous 

solution onto chitosan beads was excellent and up to 1.67 mmol/g (109.18 mg/g) for 

Zn(II), and 1.53 mmol/g (79.56 mg/g) for Cr(VI). The unique properties of chitosan 

make it an exciting and promising agent for purification of industrial wastewater 

purposes. The capacities of Cr(VI) and Zn(II) adsorption onto chitosan were strongly 

dependent on solution-pH, contact time, and temperature. The highest adsorption 

capacities were observed at pH 6 for Zn(II) and at pH 5 for Cr(VI), and at temperature 

10 °C. Adsorption kinetic data were well-fitting with the pseudo-second-order kinetic 

model for both metals. Cr(VI) and Zn(II) ions adsorption onto chitosan beads could be 

described well by the Langmuir model with a R
2

 equal to 0.997 and 0.915, 

respectively. Thermodynamic quantities such as Gibb’s free energy (ΔG°), enthalpy 

(ΔH°), entropy (ΔS°), and isosteric heat of adsorption (ΔHx) indicated that both metal 

ions adsorption onto chitosan beads was exothermic, spontaneous, and the surface of 

chitosan beads was energetically homogeneous. It was observed that at low pH, 

swelling of chitosan beads occurred and tended to form a gel. Therefore, it is 

necessary to modify chitosan physically or chemically before applicable use in 

adsorption. 
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CHAPTER 3. ADSORPTION OF Zn(II) IONS BY 

CHITOSAN COATED DIATOMACEOUS EARTH 

 

3.1 Abstract 

In this work, chitosan coated diatomaceous earth (CCDE) beads were synthesized 

by a drop-wise method and characterized by FTIR, BET, SEM, EDS, and zeta 

potential for Zn(II) ion removal from aqueous solution in batch and continuous 

processes. Several parameters have been studied such as solution-pH, initial Zn(II) 

ion concentration, temperature, flow rate, and contact time to investigate the Zn(II) 

ion uptake. The maximum adsorption capacity of Zn(II) ion onto CCDE beads was 

127.4 mg/g in batch studies. The adsorption followed Pseudo second order and was 

well fitted to  Langmuir model, indicating monolayer adsorption behavior. The 

continuous adsorption studies showed decreasing breakthrough and exhausted time 

with increasing flow rate of solution. The breakthrough points were 220 and 115 min 

at flow rate 3 and 6 mL/min, respectively. Loaded CCDE beads with Zn(II) ions were 

successfully regenerated by 0.2M NaOH without damaging the adsorbents and up to  

87 % recovery in the fourth cycle. Anions in the solution had an insignificant effect 

on Zn(II) ion uptake by CCDE beads. Overall results suggested that the prepared 

adsorbents could be employed as a low-cost, sustainable, and excellent alternative 

material for Zn(II) ion removal from wastewater. 
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3.2 Introduction 

Wastewater from various industries contains a high concentration of many heavy 

metals like chromium, copper, cadmium, zinc, or nickel. Among these metals, zinc is 

an essential heavy metal for biological functions, but at high concentrations, it can be 

harmful to ecosystem and animals and cause many human diseases like nausea, 

anemia, and pancreas damage [7]. The main source of zinc is from galvanic 

industries, batteries production, electroplating, mining effluents, and acid mine 

drainage [75]. Zinc concentrations recorded over 620 mg/L in drainage from 

abandoned copper mines in Montana, USA [4]. Zinc is classified as a toxic element 

and serious environmental contaminant according to Environmental Protection 

Agency (EPA), USA. Removing and separation zinc ions from aqueous solutions and 

industrial wastewater plays an important function for the environmental treatment. 

Traditional methods such as chemical precipitation [76], filtration [14], electrodialysis 

[14], ion exchange [77], reverse osmosis [78], adsorption [79] and ultrafiltration [80] 

have been used to remove heavy metals from wastewater streams. Among the above-

mentioned techniques, adsorption is a more promising and attractive technique 

because it is economical, simple in design and efficient. Also, chemical consumption 

or/and waste generation are not significant issue compared with other methods. The 

adsorption process often involves using activated carbon as adsorbent. However, 

activated carbon has some disadvantages of being very expensive and less effective 

for removing some metals [81]. In recent years, bioadsorbents gain a wide attention 

and extensively studied in heavy metals removal from aqueous solution because they 

are inexpensive, available in large quantities, easy to regenerate for reuse, and eco-

friendly such as marine algae [41], seaweed [42], chitin [82], bark [83] and chitosan 

[45]. Chitosan is a natural polyaminosaccharide, commercially produced by partial 
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deacetylation of chitin, which is the second plentiful organic material in nature next to 

cellulose, and can be extracted from crustaceans such as shrimp, lobsters, crayfish, 

and crabs. Chitosan has excellent characteristics such as biocompatible, 

biodegradable, abundant in nature, non-toxic, hydrophilic, and antibacterial [84]. 

However, it has great physicochemical properties like chemical stability, excellent 

chelation behavior, high reactivity, and metal ion binding groups like amino (–NH2) 

and hydroxyl (–OH). Chitosan possesses some disadvantage properties such as 

swelling in acidic media, tendency to agglomerate, low specific surface area, and poor 

mechanical properties, which limited its application in adsorption [90]. In recent 

years, chitosan has been modified chemically and physically in order to enhance its 

properties and reduce its disadvantages by fabricating chitosan with 

chitosan/thiocarbamoyl [86], chitosan/polyaniline [87], chitosan/cellulose [88], 

chitosan/ montmorillonite magnetic microspheres [89], Chitosan/sporopollenin 

microcapsules [90], and chitosan/glutaraldehyde [91]. 

In this study, chitosan was successfully modified by inert natural material - 

diatomaceous earth. Diatomaceous earth is a non-hazardous amorphous natural 

material formed from the remains of diatoms, it has unique physical characteristics 

such as high permeability, high porosity up to 65%, small particle size, adsorption 

capabilities, low thermal conductivity and density, and high surface area (10 – 30 

m
2
/g) [10]. The modified chitosan was achieved by spreading  the chitosan onto 

diatomaceous earth and formed into spherical beads by using drop-wise method, and 

then it was used to remove Zn(II) ions from aqueous solution. The prepared 

adsorbents were characterized before and after Zn(II) ion adsorption by Fourier 

transform infrared spectroscopy (FTIR), Scanning Electron Microscope (SEM), 

Brunauer, Emmett,Teller (BET), and Energy Dispersive X- Ray Spectroscopy (EDS). 
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In addition, we investigated the major adsorption factors effect such as of solution-

pH, contact time, temperature, and initial Zn(II) ion concentration on batch adsorption 

process. Moreover, the regeneration of the exhausted bed column was investigated by 

using diluted sodium hydroxide. The experimental data were fitted with adsorption 

isotherm models and kinetic models in batch adsorption. 

 

3.3 Materials and methods 

3.3.1 Materials 

Medium molecular weight biopolymer chitosan ( deacetylation 87%, viscosity = 

1000 mPa.s, molecular weight ~190,000 – 310,000 g/mol, and ash content 1%) and 

diatomaceous earth powder (92% SiO2, 4% Al2O3, 2% Fe2O3) were procured from 

Aldrich Chemical Corporation (St. Louis, MO, USA). Zinc sulphate heptahydrate 

(H14O11SZn) was used to prepare stock solution containing 1000 mg/L of Zn(II) ions 

by dissolving 4.398 g of H14O11SZn in 1L of deionized water. Sodium hydroxide and 

oxalic acid were used to dissolve chitosan and adjusted solutions-pH using calibrated 

pH-meter. 

 

3.3.2  Preparation of chitosan coated diatomaceous earth (CCDE) 

beads 

About 20 g of chitosan was slowly added into 1L of 0.2 M oxalic acid solution 

under continuous stirring, 200 rpm. The solution was heated to 60 
o
C for 6 h to 

dissolve chitosan and facilitate acylation to form a viscous chitosan gel. About 20 g of 

diatomaceous earth powder was added to the formed chitosan gel, keeping 

temperature and mixing at 60 
o
C and 200 rpm for another 6 h. The spherical beads of 
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chitosan coated diatomaceous earth were formed by dropping the final gel mixture 

into a 0.8 M concentrated NaOH precipitation beaker. 

The objective of dropping chitosan- diatomaceous earth gel into the basic solution 

was to rapidly neutralize the drops and get spherical beads of CCDE. The hydrogel 

beads remained in the NaOH solution with low mixing to become harden. Eventually 

the hardened spherical beads were washed with deionized water to neutralize and 

remove sodium ions that were attached to the beads. The beads were dried by vacuum 

furnace for 24 h at 70 
o
C. The final dry chitosan coated diatomaceous earth beads had 

an average diameter about 2 mm.  

 

3.3.3 Adsorption experiments 

Batch adsorption experiments of Zn(II) ion uptake from aqueous solution were 

carried out to determine the prepared CCDE beads adsorption capacities at different 

Zn(II) ion concentrations of 50 mg/L, 100 mg/L, 250 mg/L, and 500 mg/L at 0.25 g 

dosage beads. About 100 mL of various initial concentrations of Zn(II) ions solutions 

were put into Erlenmeyer flasks with adsorbent (0.25 g) and agitated in an orbital 

shaker (200 rpm) at different solution-pH ranging from 2 to 8, and 15- 420 min 

contact times. After a certain mention actual time, samples were taken from the flasks 

and filtrated to determine the final Zn(II) ion concentrations in the filtrate. Inductively 

Coupled Plasma-Mass Spectrometer (ICP-MS) was used to determine the Zn(II) ion 

concentrations. When the steady state of adsorption was attained, the Zn(II) ion 

removal capacity onto CCDE beads was determined by doing a mass balance on 

Zn(II) ions, Equation 3-1 [92]. 

                        
(     ) 

 
                                                                                        (   ) 
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Where qe : the equilibrium adsorbed Zn(II) ion amount (mg/g), Co  and Ce  : the 

initial and equilibrium Zn(II) ion concentrations (mg/L), V : volume of the filtrate (L), 

and m is the mass of adsorbents (g). Batch adsorption runs were studied at different 

temperatures, different initial Zn(II) ion concentrations, different initial solutions-pH, 

and different contact times. Dynamic experiments of Zn(II) ions adsorption were 

investigated in a porous bed system that consists of an acrylic lab-scale column of 2 

cm internal diameter and 16 cm length. About 21 g of CCDE beads were packed into 

the column. The feed solution containing zinc (100 mg/L) was pumped by peristaltic 

pump at different flow rates (3, 4, 5, and 6 mL/min) downward through the column. 

At specific interval time, effluent samples were collected and filtrated to determine 

the Zn(II) ion concentration as shown in Figure 3-1. Eventually, the exhausted fixed 

bed was regenerated by using NaOH solution at low concentration to examine the 

potentiality of the CCDE beads for repeated use. 

 

Figure 3-1  Experimental setup of lab-scale column for Zn(II) ion adsorption onto CCDE beads. 
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3.4 Results and discussion 

3.4.1  Characterization of CCDE beads 

The chitosan coated diatomaceous earth beads were characterized to assess 

various physical and chemical properties to provide a better interpretation of Zn(II) 

ions removal mechanism associated with adsorption process. The physicochemical 

properties of CCDE beads are summarized in the Table 3-1. 

 

Table 3-1  The main physicochemical properties of the prepared CCDE beads. 

Parameters Value 

Physical nature porous 

Average particle diameter, (mm) 2 

Surface area (m
2
/ g) (based on BET) 6.4 

Bulk density (g /cm
3
) 0.338 

Particle density, (kg/m
3
) 481 

Porosity 0.298 

pore size (mm) (based on BET) 3.23 × 10
-6

 

pore volume (m
3
/g) (based on BET) 7.4 × 10

-9
 

pH - point of zero charge (pHPZC) 5.8 

 

3.4.2  Fourier transform infrared spectroscopy (FTIR) 

To identify the mechanism of Zn(II) ion removal onto CCDE beads, FTIR- 

spectra were determined before and after Zn(II) ion adsorption. As shown in Figure 3-

2, FTIR results of fresh adsorbents showed a peak at 3308 cm
-1

, which means a band 

of stretching vibration of N-H, and at 960 cm
−1

 that is related to C-C bond. Extra bond 

was observed at 1625 cm
-1

 which corresponded to C=N stretching bond, and 2870 cm
-

1
 is for C-H stretching vibration. The FTIR-spectra for CCDE beads loaded by Zn(II) 

ions have showen that the peaks at 1625 cm
-1

 (C=N) and 2870 cm
-1

 (C-H) were 
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sharper and separately shifted to 1635  and 2860 cm
-1

. However, after Zn(II) ion 

adsorption, there was a peak change in the FTIR- spectra at 1440 cm
-1

 which specified 

to the -N-H deformation vibration and 1320 cm
-1

 which was assigned to -C-N- 

stretching vibration in chitosan structure. The FTIR-spectra results were in agreement 

with the previous published work by Qi et al. [60]. The changing in the peaks might 

suggest that the oxygen atoms in the hydroxyl groups in chitosan molecules contribute 

to Zn(II) ion uptake onto CCDE as well [27]. 

Figure 3-2  Fourier transform infrared spectroscopy (FTIR) of CCDE beads. 

 

3.4.3 Scanning electron microscope (SEM) 

Scanning electron microscopy (Figure 3-3 (a) and (b)) shows amorphous surface 

of the outer surface of fresh chitosan coated diatomaceous earth beads and loaded 

beads by Zn(II) ion at 50 μm, and 1000 kV image magnification. From Figure 3-3(a), 

it can be observed that fresh beads were significantly porous, which enhanced the 

Zn(II) ion spreading and binding with active sites. Figure 3-3(b) shows the exposed 

adsorbents by Zn(II) ions, it seems that Zn(II) ions were adsorbed onto CCED beads 

and that looks obvious from the bright spots on the surface. However, the morphology 

330

8 
2870 1440 

1625 
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of loaded adsorbents is less than fresh beads due to adsorbed Zn(II) ions onto 

adsorbent surface. 

 

Figure 3-3 Scanning Electron Microscope of (a) Fresh CCDE beads and (b) Loaded CCDE beads 

by Zn(II) ions. 

 

3.4.4. Energy dispersive X- ray spectroscopy (EDS) 

The EDS X-ray microanalysis was performed on CCDE beads before and after 

their exposure to Zn(II) ion solutions, the EDS X-ray for fresh beads is showed in 

Figure 3-4(a). While Figure 3-4(b) shows the beads after being loaded by Zn(II) ions, 

Figure 3-4(b) also shows a large peak at about 1.0 kv  for Zn(II) ions. The quantitative 

elemental composition of each component of CCDE beads were explained in tables 

Figure 3-4(a) and (b). The adsorbed Zn(II) ions reached as high as 7.73 % in loaded 

adsorbents. The total weight percentages of fresh and loaded beads were 98.71 and 

96.99 %, respectively, the difference in percentages were some impurities like Fe, Al, 

and Na. To avoid damage or burn the CCDE beads, platinum was used to coat the 

adsorbents during the EDS X-ray test. The results indicate that the CCDE beads have 

high adsorption capacity for Zn(II) ion removal. 

(a) (b) 
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Figure 3-4 Energy Dispersive X- ray Spectroscopy (EDS) of (a) Fresh CCDE beads and (b) 

CCDE beads loaded Zn(II) ions. 

 

3.4.5  Zeta potentials 

The zeta potential values over a range of pH values that were covered using dilute 

C2H2O4 or NaOH were measured by using photon correlation spectroscopy and 

electrophoretic light scattering. A 10 mg of CCDE powder were suspended in 10 mL 

deionized water and irradiated. In Figure 3-5, the results showed that the CCDE beads 

have positive charges in acidic media and negative charges in basic media. However, 

pH - point of zero charge (pHPZC) was at pH 5.8. The positive zeta potential at low pH 

was created by the protonation of amine groups in chitosan. Therefore, the negative 

species were adsorbed preferentially at low pH and species that have positive charges 

were easily adsorbed and interacted on CCDE beads in basic medium.  

Fresh CCDE 

Element Mass % 

Carbon 34.62 

Nitrogen 9.89 

Oxygen 22.16 

Silicon 26.73 

Platinum  5.31 

 

CCDE loaded Zn(II) 

Element Mass % 

Carbon 31.64 

Nitrogen 7.07 

Oxygen 20.06 

Silicon 24.45 

Platinum  3.48 

Zinc 7.73 

Sulfur  2.56 

 

(a) 

(b) 
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Figure 3-5 Zeta potentials of CCDE beads at different solution-pH values. 

 

3.4.6  Effect of pH on Zn(II) ion uptake 

The effect of initial solution-pH on Zn(II) ion adsorption onto CCDE beads was 

studied at different pH values between 2 and 8. Zn(II) ion was uptake mostly done by 

NH2 groups due to the presence of electron pairs on nitrogen atom in chitosan. In 

acidic media-low pH, amine groups were protonated to NH3
+
 that reduced the 

adsorption capacity of metals that existed in the form of cations [62]. As reported, the 

zeta potential results (Figure 3-5) showed that the CCDE beads have a zero charge at 

pH 5.8 (pHPZC), therefore, the prepared adsorbents have a negative charge above 5.8. 

Figure 3-6 represents the effect of initial pH on Zn(II) ion removal at initial 

concentration 500 mg/L and 283 K. The results indicated that the Zn(II) ion removal 

increased sharply when the initial solution-pH was increased from 2 to 5, and then it 

increased slightly at pH between 5 and 6 until it reached the maximum uptake. The 

increase in Zn(II) ion removal with increasing solution-pH from 2 to 5 could be 

explained by reducing the proton (H
+
) and positive Zn(II) ions rivalry at the same 
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active sites on adsorbents. In acidic media, CCDE beads surface was positively 

charged due to increasing protonation of amino groups that decreased the interaction 

between active sites (NH3
+
)  and Zn(II) ions on adsorbents. The results showed that 

the Zn(II) ion uptake was affected strongly by solution- pH and the maximum 

adsorption capacities were at pH 6 with 127.4 mg/g and 60.2 mg/g onto CCDE beads 

and pure chitosan beads, respectively. It was noticed that at pH higher than 6, the zinc 

hydroxide starts to form and precipitates in the solution which caused reduction in the 

adsorption capacity of Zn(II) ion at pH greater than 6. These results were in good 

agreement with Kyzas et al. [93] and Ahmed et al. [94]. Table 3-2 shows the 

comparative Zn(II) ion adsorption capacities at different adsorbents. 

 

Figure 3-6 Effect of initial solution-pH on Zn(II) ion uptake onto CCDE beads [Co = 500 mg/L; 

temperature = 283K;  adsorbent dosage = 0.25 g]. 

 

 

 

 

 

0

20

40

60

80

100

120

140

1 2 3 4 5 6 7 8 9

CCDE beads

Pure chitosan beads

q
e
 (

m
g/

g)
 

pH 



53 

 

Table 3-2 Maximum adsorption capacity of  Zn(II) ion onto different adsorbents. 

Adsorbents pH 

Initial 

concentration    

(mg/L) 

Adsorption 

capacity (mg/g) 
Reference 

crab carapace 4.3 460 
67.6 (batch) 

76.9 (fixed bed) 
[4] 

Chitosan/cellulose -- -- 19.81 [89] 

succinyl-grafted 

chitosan 
5 200 168 [93] 

Candida utilis 5.17 300 181.7 [94] 

fly ash coated chitosan -- 196 55.52 [95] 

Pure chitosan 7 10 5.49 [64] 

CCDE beads 6 500 127.4 Present study 

 

3.4.7  Effect of initial zinc ion concentrations on Zn(II) ion uptake 

The effect of initial Zn(II) ion concentration on the adsorption capacity of 

prepared CCDE beads was studied in the range 50 – 500 mg/L at pH 6, temperature 

283 K, and 15 – 420 min contact times. The results illustrated in Figure 3-7. It was 

observed that the amount of Zn(II) ion uptake onto CCDE beads increased from 19 to 

127.4 mg/g, with increasing the initial Zn(II) ion concentration from 50 to 500 mg/L. 

It could be because the concentration gradient between bulk solution and adsorbents 

surface overcomes the mass transfer resistance of Zn(II) ion at high initial 

concentration [96]. Zinc adsorption was rapid in the first 90 min due to the 

availability of adsorption active sites, and slowed down until it reached the 

equilibrium around 130 min in the most of the batches run. At contact time 200 min, it 
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was observed that the highest Zn(II) ion removal (127.4 mg/g) happened at initial zinc 

concentration 500 mg/L. 

 

Figure 3-7 The effect of contact time and initial zinc concentrations on Zn(II) ion uptake onto 

CCDE beads [pH = 6; adsorbent dosage  = 0.25 g; temperature  = 283K]. 

 

3.4.8 Effect of temperature and thermodynamic parameters on 

Zn(II) ion uptake 

The effect of adsorption temperature on Zn(II) ion uptake was examined at 283, 

293, 303, and 313 K. The results showed that the temperature had a negative impact 

on the adsorption capacity of Zn(II) ion onto CCDE beads. It showed that with 

increasing the temperature from 283 to 313 K the Zn(II) ion  removal was reduced 

from 127.4 to 106.8 mg/g as shown in Figure 3-8, the reason for decreasing Zn(II) ion 

removal at high temperature was the Zn(II) ion solubility in the solution increased 

with temperature, which reduced the interaction forces between Zn(II) ion and active 

sites in adsorbents and makes this forces weaker than those between Zn(II) ion and 

solution. The low temperatures were favorite for Zn(II) removal onto CCDE beads. 
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Figure 3-8. Effect of temperature on Zn(II) ion uptake onto CCDE beads [Co = 500 mg/L; pH = 

6; adsorbent dosage = 0.25 g]. 

 

Thermodynamic parameters such as Gibb’s free energy (ΔG
o
), enthalpy (ΔH

o
), 

and entropy (ΔS
o
) were calculated for Zn(II) ion adsorption onto CCDE beads by 

using following equations: 

                                                                                                                    (   ) 

Where ΔG
o 
is expressed as: 

                                                                                                                         (   ) 

Substituting Equation (3-3) into Equation (3-2), provides van't Hoff equation [66]: 

                               
   

 
 
   

  
                                                                               (   ) 

Where R is the universal gas constant (8.314 J/mol.K) and T is the absolute 

temperature (in Kelvin), Kd is the distribution constant (Kd = qe/Ce). The slope of 

plotting lnKd versus 1/T provides the value of ΔH
o
 and the intercept is the value of 

ΔS
o
. The calculated ΔH

o
 may be considered as the heat of adsorption when the 

adsorption capacity of adsorbents reached its saturated capacity of Zn(II) ions. The 
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values of ΔH
o
, ΔS

o
, and ΔG

o 
are listed in Table 3-3. The ΔH

o
 value of Zn(II) ion 

uptake onto CCDE beads indicated that the adsorption process was exothermic and 

the negative value of ΔG
o
 indicated the feasibility and spontaneity of the adsorption 

process in all used temperatures. These results were in agreement with Hu et al. [62] 

and Adamczuk and Kołodyńska [95]. 

Isosteric heat of adsorption (ΔHx) is useful pertinent thermodynamic factors to 

characterize the temperature effect throughout the adsorption process. It is defined as 

the heat of adsorption determined at constant amount of adsorbate [62]. The isosteric 

heat of adsorption at constant Zn(II) ion adsorbed amount was calculated by using the 

well-known Clausius-Clapeyron equation, assuming it is temperature independent:  

        (
   
 
)
 

 
                                                                 (   ) 

Where, Ce is the equilibrium adsorbate concentration in the solution (mg/L), ΔHx 

is the isosteric heat of adsorption (kJ/ mol), R is the ideal gas constant (8.314 

J/mol.K), Kc is a constant, and T is temperature (K). The slope of plotting (ln Ce ) 

versus 1/T is the isosteric heat of adsorption that was calculated at different amounts 

of Zn(II) ion adsorbed onto CCDE beads (Table 3-4). It can be seen that the variation 

in ΔHx with surface that loaded Zn(II) ions was indicative of the fact that the CCDE 

beads had energetically homogeneous surfaces. However, the variation in ΔHx with 

Zn(II) ion uptake amount can be attributed to the possibility of having interaction 

between the adsorbed Zn(II) ions and other ions. The results showed that the ΔHx was 

strongly depended on the adsorbed amount which decreases with increasing in Zn(II) 

ions adsorbed amount due to the interaction between adsorbents and adsorbed Zn(II) 

ions in the solution. The high value of  ΔHx  at low adsorbed Zn(II) ions (qe) refers to 

a high initial interaction between adsorbed ions and adsorbents due to the presence of 
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high active amine and hydroxyl groups on chitosan. If it were a heterogeneous CCDE 

beads surface, the ΔHx of Zn(II) ions adsorption could have been unchanged [62]. 

 

Table 3-3 Thermodynamic parameters of Zn(II) ion adsorption onto CCDE beads. 

T(K) ln Kd ΔG
o
 (KJ/ mol) ΔH

o
 (KJ/mol) ΔS

o
 (KJ/ mol.K) 

283 2.028 - 4.772 

- 54.855 - 0.177 
293 1.029 - 2.527 

303 0.741 - 1.864 

313 -0.362 0.942 

 

Table 3-4 The isosteric heat of Zn(II) ion adsorption onto CCDE beads at constant adsorbed 

amount. 

Adsorbed amount (mg/g) ΔHx (KJ/mol) K- constant R
2
 

106.8 - 97.0 - 37.8 0.9972 

116.0 - 68.0 - 24.8 0.9659 

119.0 - 66.0 - 23.4 0.9681 

127.4 - 17.7 - 2.64 0.9951 

 

3.4.9  Adsorption kinetics 

The kinetics of Zn(II) ion adsorption process have been carried out at a time 

ranging from 15 to 120 min and distinct runs of adsorption experiments keeping 

temperature, solution-pH, and initial Zn(II) ion concentration constant to follow the 

adsorption with time. The adsorption rate was determined by the pseudo first-order 

and pseudo second-order models. The pseudo-first order adsorption kinetic equation 

is expressed as follows [65]: 

                              (     )       
  
     

                                                            (   ) 

Where qe and qt (mg/g) are the adsorption capacities at equilibrium and at time t 

(min), respectively, k1 is the rate constant of pseudo-first-order model (min
-1

).  
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The pseudo second-order adsorption kinetic equation is given as follows [71]: 

                          
 

  
 

 

     
 
 

  
                                                                                      (   ) 

Where k2 [g / (mg.min)] is the rate constant of pseudo second- order model. 

The experimental results of Zn(II) ion adsorption onto CCDE beads were found to 

be fitted to the pseudo first order and pseudo second order models (Figure 3-9 a and 

b). But, the reported R
2

 values showed a better fitting to pseudo-second order model 

(R
2 

= 0.9895). However, the calculated (qe) value of the pseudo-second order kinetic 

model (130.7 mg/g) was close to the experimental value (127.4 mg/g) rather than that 

of pseudo-first order kinetic model value (118 mg/g). Therefore, the pseudo second- 

order kinetic model was more appropriate for Zn(II) ion adsorption process onto 

CCDE beads. 
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Figure 3-9 (a). Pseudo first order model; (b). Pseudo second order model of Zn(II) ion uptake 

onto CCDE beads [pH = 6; adsorbent dosage = 0.25 g; temperature = 283 K]. 

 

3.4.10  Adsorption isotherm 

Equilibrium isotherm of Zn(II) ion adsorption onto CCDE beads was studied at 

concentrations ranging from 50 to 500 mg/L, temperatures 283 K, and 120 min 

contact time. The equilibrium results were analyzed using Langmuir and Freundlich 
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adsorption isotherm models. The Langmuir isotherm equation is expressed as follows 

[72]: 

                           
  
  
 

 

    
 
  
  
                                                                                  (   ) 

Where Ce is the equilibrium concentration of metal ions (mg/L), qe is the 

adsorption capacity at equilibrium (mg/g), qm is the theoretical maximum adsorption 

capacity (mg/g), and KL is the Langmuir adsorption constant (L/mg). 

The Freundlich isotherm equation is given as follows [72]: 

                              (   )                                                                              (   ) 

Where Kf is the maximum adsorption capacity and 1/n is heterogeneity factor. 

Langmuir and Freundlich adsorption isotherms of Zn(II) ion removal onto CCDE 

beads are represented in Figure 3-10 (a) and (b). They showed that the adsorption 

isotherms were largely linear and well-fitting with Langmuir isotherm with 

correlation coefficient 0.9969, which indicated that the Zn(II) ion adsorption onto the 

surface of CCDE beads was a monolayer adsorption and a heterogeneous surface 

adsorbents with a limited number of same binding sites, this means all active sites 

were energetically identical.  

It has been reported that separation factor (based on Langmuir model) is defined 

as: 

                          
 

      
                                                                                       (    ) 

When (fs) is between 0 and 1, the adsorption isotherm is favorable on adsorbents 

however when (fs) is greater than 1, the adsorption isotherm is unfavorable [73]. For 

Zn(II) ion adsorption onto CCDE beads, the separation factor was 0.112 at initial 

concentration 500 mg/L, which indicated that the removal of Zn(II) ion onto prepared 

CCDE beads is favorable. 
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Figure 3-10 (a) Langmuir adsorption isotherm; (b) Freundlich adsorption isotherm of Zn(II) ion 

uptake onto CCDE beads [pH = 6; adsorbent dosage  = 0.25 g; temperature = 283 K]. 

 

3.4.11  Effects of anions on Zn(II) ion uptake 

The sulphate, chloride, and nitrate anions are usually present in the industrial 

wastewater streams and could interfere with Zn(II) ion removal. Therefore, the effect 

of these anions were studied at pH 6, initial zinc concentration 500 mg/L, and 

temperature 283 K. The experimental studies were carried out at different 
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concentrations of these anions ranging from 0.05 to 0.2 mol/L. As shown in Figure 3-

11. The sulphate, chloride, and nitrate anions did not show a significant effect on 

Zn(II) ion adsorption onto CCDE beads, the Zn(II) removal capacity was reduced by 

5.2 % (reduced from 127.4 to 120.77 mg/g) with existence of sulphate ions, and by 

7% in presence of nitrate ions, whereas the Zn(II) ion adsorption was decreased only 

by 4.4% in the presence of chloride ions in solution. As reported (Figure 3-5), the 

amine groups are deprotonated at pH greater than 5.8. Therefore, the anions are 

expected to compete with Zn(II) ions on the same active sites of amine groups and 

that led to reduction in total Zn(II) ion adsorption capacity onto CCDE beads. 

 

Figure 3-11. Effect of various anions on Zn(II) ion adsorption onto CCDE beads [pH = 6; 

adsorbent dosage  = 0.25 g; temperature = 283K; Co= 500 mg/L]. 

 

3.4.12  Dynamic studies 

Dynamic experiments were investigated in a porous bed system, consisting of an 

acrylic column, with 16 cm height and 2 cm internal diameter. Figure 3-12 represents 

the results of column experiments in form of breakthrough curves for Zn(II) ion 
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removal from aqueous solution onto CCDE beads. The breakthrough curves were 

determined by plotting the Ct/Co against the time (where Ct: effluent zinc 

concentration, Co: initial zinc concentration). In high flow rate, a large amount of zinc 

solution passes through the column producing more Zn(II) ions binding with active 

sites in adsorbents, which makes it saturated in short time at a high Zn(II) ions uptake. 

In contrast, long breakthrough time, the time when the effluent concentration (Ce) 

reached 50% of the feed concentration (Co), and low Zn(II) ion adsorption capacity 

occurred at low flow rate due to the high residence time of Zn(II) ions inside the 

column. However, the results showed that the breakthrough time (tb) was 220 min and 

the exhausted time (ts), the time when the effluent concentration (Ce) reached 95% of 

the feed concentration (Co), was 335 min at flow rate 3 mL/min, while at flow rate 6 

mL/min, the breakthrough time (tb) and exhausted time (ts) were just 115 min, 195 

min, respectively.  

 

Figure 3-12. Effect of flow rate on the breakthrough curve of Zn(II) ions adsorption onto CCDE 

beads [pH = 6; beads size = 2 mm; Co = 100 mg/L]. 
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3.4.13  Desorption and reusability 

The performance of any adsorbents should not only depend on the adsorption 

capacity, but also on their regeneration and sustainable reuse. From batch adsorption 

studies (Figure 3-6), the amount of Zn(II) ion uptake decreased with increasing the 

solution-pH. Consequently, the regeneration of CCDE beads was allowed to pass 

through a basic solution (0.2 mol/L NaOH) through the backed-bed column at flow 

rate 2 ml/min for about 3 h (360 ml of NaOH - solution), and then allowed to pass 

deionized water at the same flow rate. Figure 3-13 shows the Zn(II) ion desorption 

behavior from the CCDE beads in first and fourth cycles of adsorption- desorption 

processes. It was observed that the desorbed percentages of Zn(II) ion  from 

adsorbents were 94.6% and 87% in the first and fourth cycle, respectively. Therefore, 

the reuse study of adsorbent indicated that CCDE beads were efficient and proficient 

stable adsorbent for Zn(II) ion uptake from aqueous solution. 

 

Figure 3-13. Regeneration bed column by 0.2 M NaOH after loaded by 100 mg/L Zn(II) ion 

solution [▲( first cycle), ■ ( fourth cycle)]. 
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3.5  Conclusions 

The study indicated that the removal rate of Zn(II) ions from aqueous solution 

onto CCDE beads was excellent and up to 127.4 mg/g. The adsorption capacity of 

Zn(II) ion was found to be depended on the solution-pH, flow rate, contact time, and 

temperature. The highest Zn(II) ion uptake capacity onto prepared CCDE beads was 

at pH 6, initial concentration 500 mg/L, and temperature 283 K. Adsorption kinetic 

data were well-fitted with the pseudo second order model. Langmuir model was 

revealed to be the best fitting model for Zn(II) ions removal with R
2

 value 0.9969. The 

values of thermodynamic quantities such as Gibb’s free energy change, enthalpy, 

entropy, and isosteric heat of adsorption indicated that the adsorption process of 

Zn(II) ions onto CCDE beads was exothermic, spontaneous, and the CCDE beads had 

energetically heterogeneous surface adsorbents. The studies on column operations 

showed that the flow rate had a big impact on adsorption rate and exhausted time of 

adsorbents. However, adsorbed Zn(II) ions on CCDE beads were chemically 

regenerated by 0.2M NaOH and reused for adsorption process.  
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CHAPTER 4. PREPARATION AND 

CHARACTERIZATION OF CHITOSAN-COATED 

DIATOMACEOUS EARTH FOR HEXAVALENT 

CHROMIUM REMOVAL 

 

4.1 Abstract 

A novel chitosan coated diatomaceous earth (CDE) beads were prepared by the 

drop-wise method and characterized by Fourier transform infrared spectroscopy 

(FTIR), Brunauer-Emmett-Teller (BET), scanning electron microscopy (SEM), 

energy dispersive X-ray spectroscopy (EDS), and zeta potential. Prepared CDE beads 

were used for Cr(VI) adsorption from aqueous systems. The effect of several factors 

including solution-pH, initial Cr(VI) concentration, temperature, and contact time on 

adsorption process was examined. The adsorption results revealed that the Cr(VI) 

adsorption was fitting well the Langmuir model indicating a homogeneous adsorption 

surface for Cr(VI) on the CDE beads. The kinetics of adsorption suggested a pseudo-

second-order model fittings better than the pseudo-first-order model. The maximum 

Cr(VI) adsorption capacity onto prepared CDE beads was 84.23 mg/g. In competition 

adsorption, the affinity of CDE beads toward mixed metal ions was high for Cr(VI) 

followed by Pb(II) and it was low for Zn(II) and Ni(II). Loaded CDE beads with 

Cr(VI) were successfully regenerated by NaOH and reused up to five cycles. The 

overall results emphasize that the CDE beads could be used as an economically 

applicable and sustainable adsorbent for Cr(VI) removal from aqueous solutions. 
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4.2  Introduction 

Heavy metals contamination is one of the biggest concern because of their 

harmful effect on natural resources and the environment, even at very low 

concentrations. Hexavalent chromium is in the priority pollutants list/group A of the 

US Environmental Protection Agency (EPA). It is not biodegradable in nature and has 

a significant effect on human health such as skin ulceration, liver damage, and 

pulmonary congestion [17]. The main source of chromium is from various industrial 

wastewaters such as leather tanning, electroplating, metal polishing, paint 

manufacturing, and textile coloring [87]. However, industrial wastewater typically 

contains high concentrations of chromium ranging from 0.5 to 270 mg/L [3]. 

Removing chromium from water and wastewater is extremely necessary and 

mandatory to reduce its influence on the ecosystem. Physical, chemical, and 

biological processes for Cr(VI) removal from wastewater have been extensively 

researched and used such as precipitation, adsorption, ion exchange, reverse osmosis, 

and electrodialysis [97]. Adsorption has been considered as one of the favorable 

processes of heavy metal removal from aqueous solutions, because it is a simple 

process, an inexpensive method, and flexible in design, chemical consumption or/and 

waste generation are not a significant issue compared to other methods, and it is 

suitable for removing very low metal ion concentrations [98]. In recent years, 

bioadsorbents have been considered as an effective material to remove heavy metal 

ions from aqueous solutions because they are inexpensive, abundant in nature, 

sustainable, friendly to the environment, effective in low and medium metal levels, 

and easy to regenerate for reuse [45]. Many bioadsorbents have been studied for 

removing toxic heavy metal contaminants from aqueous solution such as microalgal 

[99], alginate [46], seaweed [47], chitin [83], and chitosan [50,100]. Among these 
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biosorbents, chitosan has been repeatedly characterized as the excellent adsorbent for 

heavy metal ion adsorption. 

Chitosan (poly-β-(1→4)-2-amino-2-deoxy-D-glucose) is commercially produced 

by the partial deacetylation of chitin, the second most abundant natural polymer in the 

world after cellulose [101, 102]. In addition, Chitosan is biocompatible, 

biodegradable, non-toxic to human, and it shows antimicrobial and antioxidant 

activities [103]. It has unique physicochemical properties such as chemical stability, 

high reactivity, metal ion binding groups (–NH2, –OH), excellent chelation behavior, 

and high selectivity towards pollutants. Recently, chitosan has received much 

attention because it can be produced from renewable sources like seafood waste. Even 

though chitosan is biodegradable and biocompatible, it has a low specific surface area, 

swelling properties, a tendency to agglomerate, poor mechanical properties and 

dissolution in highly acidic solution, which limit its application in adsorption[88, 

104]. Therefore, it is necessary to supply physical or chemical support on chitosan to 

enhance its properties. Various chemical and physical modifications of chitosan 

material have been investigated and are summarized in Table 4-1 along with their 

maximum Cr(VI) adsorption capacity. 

To overcome some limitations associated with pure chitosan adsorbent, in this 

study, a new composite chitosan was prepared by coating chitosan onto an inert 

substance, diatomaceous earth, and then forming it into spherical beads by using a 

drop-wise method. Diatomaceous earth is a non-hazardous amorphous natural 

material formed from the remains of diatoms, which has grown and deposited in sea 

or lake beds and has unique physical and chemical properties such as high 

permeability, high porosity (35 – 65%), small particle size, adsorption capabilities, 

low thermal conductivity and density, and high surface area (10-30 m
2
/g) [67]. The 
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chitosan-coated diatomaceous earth beads were characterized by Fourier transform 

infrared spectroscopy (FTIR), Brunauer, Emmett, Teller (BET), scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and zeta potential. 

In addition, The effect of solution-pH, temperature, initial Cr(VI) concentration, and 

contact time on the adsorption process for Cr(VI) removal were systematically 

investigated. Moreover, the regeneration of the CDE beads was investigated by using 

diluted sodium hydroxide. The experimental data were fitted with adsorption isotherm 

and kinetic models. 

Table 4-1 Maximum adsorption capacities of Cr(VI) onto different chitosan modifications 

Adsorbents pH 
C0 

(mg/L) 

qmax 

(mg/g) 
Reference 

Chitosan/zeolite 4 260 17.28 88 

Chitosan/cellulose 4 260 13.05 88 

Chitosan/bentonite 3 200 66.6 105 

Chitosan/ceramic alumina 4 5000 153.8 106 

Chitosan/thiocarbamoyl 4 1000 434.8 86 

Chitosan/graphite oxide 2 2000 219.5 87 

Chitosan/polymethylmethacrylate 3 1000 67 17 

Chitosan/montmorillonite 

magnetic microspheres 
2 80 73 107 

Chitosan/zirconium 5 50 175 50 

Chitosan/fly ash - 156 36.22 95 

Chitosan/perlite 4 5000 153.8 108 

Chitosan/zwitterionic 2 25 99.3 109 

Chitosan/sporopollenin 

microcapsules 
4 12 51.47 90 

Hydrolyzed crosslinked chitosan 6 350 11.3 91 

Chitosan/diatomaceous earth 3 1000 84.23 Present study 
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4.3  Experimental Section 

4.3.1  Materials 

Medium molecular weight chitosan (deacetylation 87%, viscosity = 1000 mPa.s, 

molecular weight ~190,000 – 310,000 g/mol) and diatomaceous earth powder (90% 

SiO2, 4% Al2O3, 2% Fe2O3, 4% others) were procured from Aldrich Chemical 

Corporation (St. Louis, MO, USA). 2.829 g of potassium dichromate (K2Cr2O7) was 

dissolved in 1 L of deionized water to prepare a stock solution containing 1000 mg/L 

of Cr(VI). Adequate concentrations (50, 100, 250, 500, 1000 mg/L) were prepared 

from standard stock solutions by consecutive dilution. Sodium hydroxide and oxalic 

acid were used to dissolve chitosan and adjust the solution-pH. Deionized water was 

used during the experimental studies. All chemicals used in this study were of 

analytical grade. The pH-meter was calibrated with buffer solutions (pH 4, 7 and 9) 

and the initial solution-pH was adjusted to the required values. 

 

4.3.2  Preparation of CDE Beads 

Since chitosan is dissolvable in highly acidic solution, we used oxalic acid to 

dissolve chitosan. About 20 g of chitosan was gradually added into 1 L of 0.2 mol/L 

oxalic acid solution under stirring at 200 rpm. The solution was heated to 65 – 70 °C 

for 6 h to get a homogenous solution gel of chitosan. About 20 g of acid- treated 

diatomaceous earth was added into the chitosan gel under heating at 60 °C and mixing 

at 300 rpm for another 6 h. The spherical beads of chitosan-coated diatomaceous earth 

were formed by dropping the final gel mixture into a 0.8 mol/L of NaOH precipitation 

container. The objective of adding acidic chitosan-diatomaceous earth mixture into 

NaOH-solution was to rapidly neutralize the gel mixture drops and obtain the 

spherical shape. The hydrogel beads remained in the NaOH-solution under 30 rpm 
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mixing for 6 h for hardening. Eventually, the prepared beads were washed with 

deionized water to a neutral pH. The beads were dried by vacuum furnace for 24 h at 

70 °C. The final dry chitosan coated diatomaceous earth (CDE) beads have an 

average diameter of about 2 mm as shown in Figure 4-1. 

 

Figure 4-1 (a) Wet chitosan-coated diatomaceous earth beads; (b) Dry chitosan-coated 

diatomaceous earth beads. 

 

4.3.3  Adsorption Experiments 

Batch experiments of Cr(VI) adsorption from aqueous systems onto CDE beads 

were investigated to determine the CDE adsorption capacity at different initial Cr(VI) 

concentrations ranging from 0.96 to 19.23 mmol/L (50 – 1000 mg/L). In a series of 50 

mL Erlenmeyer flasks, 0.5 g of CDE beads was immersed in 50 mL of Cr(VI) 

solution and agitated for 12 h in an orbital shaker at different temperatures ranging 

from 10 to 40 °C and speed 200 rpm. After a certain time, samples were taken from 

the flasks and filtrated to determine the final Cr(VI) concentration in the filtrate. 

Coupled plasma-mass spectrometer (ICP-MS) was used to determine Cr(VI) 

concentrations. When steady state adsorption was attained, the Cr(VI) removal 

capacity in samples was determined by mass balance on the Cr(VI) ion, according to 

Equation 4-1 [91]: 

(a) (b) 
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(     ) 

 
                                                                               (   ) 

Where qe is the Cr(VI) adsorbed at equilibrium (mg/g), C0 and Ce (mg/L) are the 

initial and equilibrium concentrations of Cr(VI) ions, respectively, V (L) is the 

volume of solution, and m (g) is the dry weight of CDE beads. Batch adsorption runs 

were performed at different initial solution-pH, temperatures, initial Cr(VI) 

concentrations, and contact times.  

 

4.4  Results and Discussion 

4.4.1  Characterization of CDE Beads 

The CDE beads were characterized to evaluate their physical and chemical 

properties (Table 4-2), in order to provide a better interpretation of the adsorption 

process mechanism. Surface area, pore volume, and pore diameter were evaluated by 

nitrogen adsorption/desorption at 77 K using a Micrometrics ASAP 2010 surface 

analyzer. The BET (Brunauer-Emmett-Teller) surface area of chitosan, diatomaceous 

earth, and prepared CDE beads were found to be 1.9, 23.8, and 6.4 m
2
/g, respectively. 

It appears that chitosan blocked a number of pores in diatomaceous earth, and the 

chitosan film was not porous enough to retain the original porosity of diatomaceous 

earth. The decrease of surface area was significant in the case of CDE beads since 

chitosan was coated on diatomaceous earth. The average diameter of the pores in 

CDE beads was found to be 0.00323 μm, whereas the average pore diameter of pure 

chitosan beads were 0.0022 μm. The average pore volume of pure chitosan bead and 

CDE bead were found to be 2.61×10
-9

 and 7.4 × 10
-9

 m
3
/g, respectively. 
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Table 4-2 The main physicochemical properties of CDE beads. 

Parameters Value 

Physical nature porous 

Average particle diameter (mm) 2 

Surface area (m
2
/g) (based on BET

*
) 6.4 

Bulk density (g/cm
3
) 0.338 

Particle density (kg/m
3
) 481 

Porosity 0.298 

Pore diameter (mm) (based on BET) 3.23 × 10
-6

 

Pore volume (m
3
/g) (based on BET) 7.4 × 10

-9
 

pH - point of zero charge (pHPZC) 5.8 

Compositions (based on EDS
**

) (excluding Pt) : 

Carbon content (Wt%) 
35.47 

Oxygen content (Wt%) 23.11 

Nitrogen content (Wt%) 10.3 

Silica content (Wt%) 28.37 

Others (Fe, Al ) (Wt%) 2.42 

*BET : Brunauer, Emmett,Teller measurement. 

**EDS : energy dispersive X- ray spectroscopy. 

 

4.4.2  Fourier Transform Infrared Spectroscopy (FTIR) 

To identify the mechanism of Cr(VI) bonding with the CDE beads, FTIR-spectra 

were determined for the CDE beads before and after Cr(VI) adsorption. As shown in 

Figure 4-2, FTIR results of fresh CDE beads showed peaks at 3300 cm
-1

 which is a 

band of stretching vibration of O-H, and at 1100 cm
−1

 which is related to C-C bond. 

Extra bond was observed between 1430 and 1650 cm
-1

 which corresponds to C=N 

stretching bond, and at 2800 up to 2900 cm
-1

 which is for C-H stretching vibration. 

The stretching bonds of the Si-O and Si-O-Si groups and the deformation bonds for 

these groups correspond to 630 cm
−1

 in CDE beads, whereas they do not exist in CS 



74 

 

beads. The FTIR-spectra for loaded CDE beads with Cr(VI) showed that the peaks at 

1650 cm
-1

 (C=N) and at 2800 cm
-1

 (C-H) were sharper and separately shifted to 1625 

and 2870 cm
-1

, respectively. However, after Cr(VI) adsorption, a peak change in the 

FTIR-spectra at the 1450 cm
-1

 occurred which corresponds to the -N-H deformation 

vibration and at the 1320 cm
-1

 which is assigned to -C-N- stretching vibration in 

chitosan structure. Depending to these changes and shifts in peaks, we conclude that 

the amine groups are the main adsorption sites for Cr(VI) adsorption onto the CDE 

beads. Moreover, FTIR-spectra were changed at 3430 cm
-1

 which indicates -O-H 

stretching vibration in the alcohol group, and at 860 cm
-1

 which indicates -C-O 

stretching vibrations. The changes suggest that the hydroxyl groups in chitosan 

molecules contribute to Cr(VI) adsorption as well [27]. 

 

Figure 4-2 Fourier-transform infrared (FTIR) spectra of CDE beads and chitosan (CS) beads. 

 

4.4.3 Scanning Electron Microscopy (SEM) 

The CDE beads were analyzed by using high-resolution Hitachi S - 4700 Field 

Emission Scanning Electron Microscopy (SEM) in terms of morphology. Figure 4-3 

displays the SEM images of fresh and loaded CDE beads surface morphology at 50 

1650 3300

0 
CDE 

beads 

CS beads 

CDE loaded 
Cr(VI) 

630 
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μm, and 1000 kV image magnification. The SEM image of fresh beads showed that 

the outer surface of CDE beads was significantly porous and had wrinkles structure, 

which enhances the Cr(VI) ions spreading over the CDE beads and binding with 

active sites, whereas the beads loaded with Cr(VI) ions had less rough surface due to 

the Cr(VI) adsorption. One can see that the Cr(VI) ions are adsorbed onto CDE beads 

which is obvious from the bright layer on the surface of CDE beads (Figure 4-3b). 

 

 

Figure 4-3 Scanning Electron Microscopy of: (a) fresh CDE beads, (b) CDE beads loaded with 

Cr(VI). 

 

4.4.4  Energy Dispersive X-ray Spectroscopy (EDS) 

The use of EDS X-ray can confirm the adsorption of Cr(VI) ions onto CDE beads 

and determine the weight percentage of Cr(VI) ions that is adsorbed. The EDS X-ray 

microanalysis was carried out on CDE beads before and after their exposure to the 

Cr(VI) solution, as shown in Figure 4-4. Figure 4-4b shows large peaks at 0.5 kV (kα, 

Cr) and at 5.2 kV (kβ, Cr) for Cr(VI) ions. The quantitative elemental compositions of 

each component in the CDE beads are indicated in the insert tables in Figures 4-4a 

and b. The content of adsorbed Cr(VI) onto CDE beads reached as high as 7.53 %wt. 

The total weight percentages of fresh and loaded beads were 98.64 and 97.28 %, 

(a) (b) 
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respectively, while the difference from 100 % indicates impurities like Fe, Na, and Al. 

To avoid damaging or burning the CDE beads by the electronic beam, platinum was 

used to coat the CDE beads during the EDS X-ray test. The results indicates that the 

prepared CDE beads have a high adsorption capacity of Cr(VI) from the aqueous 

solution. 

 

Figure 4-4 Energy Dispersive X- ray Spectroscopy (EDS) of: (a) Fresh CDE beads; (b) CDE 

beads loaded with Cr(VI). 

 

 

 

Fresh CDE beads 

Element Mass % 

Carbon 34.62 

Nitrogen 9.98 

Oxygen 23 

Silicon 26.73 

Platinum 4.31 

Total 98.64 

 

CDE beads loaded Cr(VI) 

Element Mass % 

Carbon 29.98 

Nitrogen 7.1 

Oxygen 22.87 

Silicon 24.5 

Platinum 2.28 

Potassium 3.02 

Chromium 7.53 

Total 97.28 

 

(a) (b) 
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4.4.5  Zeta Potentials 

The zeta potential values over a range of solution-pH values adjusted using diluted 

C2H2O4 or NaOH were measured by using photon correlation spectroscopy and 

electrophoretic light scattering. A 10 mg of chitosan-coated diatomaceous earth 

powder was suspended in 10 mL of deionized water and irradiated. As shown in 

Figure 4-5, the results showed that the prepared CDE adsorbents have positive 

charges in acidic media and negative charges in basic media. However, the pH - point 

of zero charge (pHPZC) of CS and CDE beads were 6.63 and 5.8, respectively. The 

positive zeta potential at low pH was presumably created by protonation of amine 

groups in chitosan. Therefore, the negative species are favorite to adsorb onto the 

CDE beads at low pH and species that have positive charges were easily interacted 

with CDE beads in basic condition. 

 

Figure 4-5 Zeta potentials of CDE beads and pure chitosan beads (CS beads) at different 

solution-pH. 
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4.4.6  Effect of Initial Solution-pH 

In aqueous solution, Cr(VI) ions exist in different anion forms depending on 

solution-pH. Dichromate (Cr2O7
2−

) and hydrogen chromate (HCrO
4−

) are present at 

pH range 2 - 6, whereas chromate (CrO4
2-

) is present at pH > 6 [88]. The amine 

groups (-NH2) in chitosan are mainly responsible for metal ion adsorption, and can be 

protonated to NH
3+

 in acidic medium. As reported, the zeta potential results (Figure 4-

5) show that the CDE beads had zero charge (pHPZC) at pH 5.8, therefore, the 

prepared CDE beads have negative charge above pH 5.8. Consequently, the surface 

charge of the CDE beads determines the bond type created between the Cr(VI) ions 

and the CDE beads surface. Figure 4-6 shows that the highest removal of Cr(VI) onto 

CDE beads was 1.62 mmol/g (84.23 mg/g) at pH 3 due to the predominance of 

Cr2O7
2−

 and HCrO
4−

 ions in the solution, whereas it was 1.06 mmol/g (55.10 mg/g) 

onto pure chitosan beads. The reduced removal capacity at low pH, less than 3, was 

due to the rivalry between protons (H
+
) in the aqueous solution and the Cr(VI) ions 

onto the same active adsorption site of chitosan. In this case, H2CrO4 was formed and 

because it does not have a charge, does not favor adsorption onto adsorbents [54]. The 

extent of amine groups protonation would be reduced with rising solution-pH above 

3. Therefore, the surface charge of CDE beads might have been partially 

deprotonated, which inhibited the adsorption capacity of Cr(VI) species resulting in 

decreased Cr(VI) adsorption at pH greater than 3 [62]. These results are in a good 

agreement with Hasan et al. 2003 [108]. 
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Figure 4-6 Effect of solution-pH on Cr(VI) adsorption onto CDE beads (C0= 19.23 mmol/L; 

temperature = 10 °C;  adsorbent dosage = 0.5 g). 

 

4.4.7  Effect of Initial Chromium Concentration 

The effect of initial Cr(VI) concentration on the adsorption capacity of CDE beads 

was investigated in the range 0.96 - 19.23 mmol/L or 50 - 1000 mg/L, pH 3, 

temperature 10
 
°C, and 0.25 - 12 h contact time. The results are illustrated in Figure 4-

7. It was observed that the amount of Cr(VI) removal onto CDE beads increased from 

0.12 to 1.62 mmol/g with increasing initial Cr(VI) concentration from 0.96 to 19.23 

mmol/L; this occurs because at high initial Cr(VI) concentration, the concentration 

gradient between bulk solution and CDE beads surface overcomes the mass transfer 

resistance of Cr(VI) ions. Adsorption of Cr(VI) ions onto CDE beads was rapid in the 

first 1.5 h due to the availability of active adsorption sites, and slowed down until it 

reached the equilibrium at around 3.5 h in all adsorption batch runs. 
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Figure 4-7 Effect of initial Cr(VI) concentrations and contact time on Cr(VI) removal onto CDE 

beads (pH = 3; temperature = 10 °C;  adsorbent dosage = 0.5 g). 

 

4.4.8  Effect of Temperature 

The effect of temperature on Cr(VI) removal onto CDE beads was investigated at 

10, 20, 30, and 40 °C ( 283, 293, 303, and 313 K). As shown in Figure 4-8, the results 

showed that the temperature had a negative influence on Cr(VI) adsorption capacity. 

Similar to our previous studies [99], the adsorption of Cr(VI) onto pure chitosan beads 

was found to be strongly affected by increasing temperature. With increasing 

temperature from 10 to 40 °C, the Cr(VI) removal decreased from 1.62 to 1.44 

mmol/g. The reason of decreasing Cr(VI) removal at high temperature is the 

increasing Cr(VI) ions solubility in the solution with increasing temperature, which 

reduces the interaction forces between Cr(VI) ions and the active sites in the CDE 

beads, and makes these forces weaker than those between Cr(VI) ions and solution. 

As a result, the Cr(VI) ions are more difficult to adsorb at high temperature. 

Therefore, low temperatures are favorable for Cr(VI) ion removal onto prepared CDE 

beads. 
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Figure 4-8 Effect of temperature on Cr(VI) removal onto CDE beads (pH = 3; C0 = 19.23 

mmol/L; adsorbent dosage = 0.5 g). 

 

The thermodynamic parameters (ΔH
o
, ΔS

o
, and ΔG

o
) for Cr(VI) ions adsorption 

on prepared CDE beads can be calculated by using following equations: 

                                                                                                                    (   ) 

Where ΔG
o 
can be expressed as, 

                                                                                                                         (   ) 

Substituting Equation (4-2) into Equation (4-3) provides van't Hoff equation 

[108]: 

                               
   

 
 
   

  
                                                                                (   ) 

Where R is gas constant (8.314 J/mol.K) and T is the absolute temperature (K), Kd 

is the distribution constant (Kd (L/g) = qe/Ce), ΔG
o
 is Gibbs free energy, ΔH

o
 is 

enthalpy change, and ΔS
o
 is entropy change. The slope of plotting lnKd versus 1/T 

provides the value of ΔH
o
 and the intercept is the value of ΔS

o
 (Figure 4-9). ΔH

o
 may 

be considered as the heat of adsorption when the adsorption capacity of CDE beads 
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reaches its saturation capacity of Cr(VI) ions. The values of ΔH
o
, ΔS

o
, and ΔG

o 
are 

presented in Table 4-3. The results of Cr(VI) uptake onto CDE beads show that the 

adsorption process was exothermic due to the negative value of ΔH
o
, and the negative 

values of ΔG
o
 indicated that the adsorption process are spontaneous. The results are in 

good agreement with Tellinghuisen 2006 [66] and Hu et al. 2011 [62]. 

 

Table 4-3. Thermodynamic parameters of Cr(VI) adsorption onto CDE beads. 

T(K) ln Kd (L/g) ΔG
o
 (kJ/mol) ΔH

o
 (kJ/mol) ΔS

o
 (kJ/mol.K) 

283 1.676 - 3.944 

- 14.565 - 0.0374 
293 1.492 - 3.635 

303 1.267 - 3.191 

313 1.092 - 2.841 

 

 

 

Figure 4-9 The van't Hoff’s plot of (lnKd ) against (1/T) for Cr(VI) adsorption onto CDE beads. 
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4.4.9  Adsorption Isotherm 

The equilibrium of Cr(VI) uptake on CDE beads was studied at initial Cr(VI) 

concentrations ranging from 0.96 to 19.23 mmol/L. The adsorption experiments were 

carried out at temperature 10 °C and 12 h contact time. The adsorption isotherms of 

CDE beads for Cr(VI) were determined by Langmuir and Freundlich adsorption 

isotherm models. The Langmuir isotherm equation was expressed as follows [73]: 

                           
  
  
 

 

    
 
  
  
                                                                                 (   ) 

Where qe and qm are the adsorption capacity at equilibrium and the theoretical 

maximum adsorption capacity (mmol/g), respectively, KL is the Langmuir adsorption 

constant (L/mmol), and Ce is the equilibrium concentration of Cr(VI) ions (mmol/L). 

The Freundlich isotherm equation is given as follows [73]: 

                            
 

 
                                                                                        (   ) 

Where Kf  (mg/g (L/mg)
1/n

) and 1/n are the removal capacity of the CDE beads 

and adsorption intensity, respectively. 

The Langmuir and Freundlich adsorption isotherms of Cr(VI) removal from 

aqueous solution onto CDE beads are presented in Figure 4-10. The results show that 

the adsorption isotherm was largely linear and well-fitting with Langmuir isotherm 

with R
2
 corresponding to 0.99 rather than the Freundlich isotherm (0.94), which 

indicated that the Cr(VI) adsorption onto CDE beads occurs in a monolayer 

adsorption with a finite number of identical sites. 

It has been reported that the separation factor (based on Langmuir model) is 

defined as: 

                      
 

      
                                                                                               (   ) 
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If   is between 0 and 1, the adsorption isotherm is favorable onto adsorbents, and 

if   is greater than 1, the adsorption isotherm is unfavorable onto adsorbent [110]. For 

Cr(VI) adsorption onto CDE beads, the separation factor was 0.018 at initial 

concentration 19.23 mmol/L, which suggests that the Cr(VI) ions are favorable to 

adsorb onto the prepared CDE beads.   

 

Figure 4-10 (a) Langmuir adsorption isotherm of Cr(VI) adsorption onto CDE beads; (b) 

Freundlich adsorption isotherm of Cr(VI) adsorption onto CDE beads. 
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4.4.10  Adsorption Kinetics 

The adsorption kinetics of Cr(VI) removal onto CDE beads were investigated at 

times ranging from 0.25 to 12 h and distinct runs of adsorption experiments keeping 

temperature, solution-pH, and initial Cr(VI) concentration constant. Pseudo-first-order 

kinetic model and pseudo-second-order kinetic model were applied to the 

experimental results to clarify the adsorption kinetics of Cr(VI). The pseudo-first-

order kinetic equation is expressed as follows [71]: 

                          (     )       
  
     

                                                                (   ) 

Where qe (mmol/g) is the adsorption capacities at equilibrium, qt (mmol/g) is the 

adsorption capacities at time t (h), k1 is the pseudo-first-order rate constant (h
-1

).  

The pseudo-second-order kinetic equation is given as follows [72]: 

                      
 

  
 

 

     
 
 

  
                                                                                          (   ) 

Where k2 is the rate constant of pseudo-second- order model (g/(mmol.h)). 

The experimental results of Cr(VI) adsorption onto CDE beads confirmed the 

validity of the pseudo-first-order and pseudo-second-order models to describe the 

adsorptive removal of Cr(VI) from aqueous solution (Figure 4-11). The R
2
 values 

show that the fit to pseudo-second-order model was better (R
2
 = 0.999). However, the 

determined adsorption capacity (qe) value of the pseudo-second-order kinetic model 

(1.614 mmol/g) was close to the experimental value (1.62 mmol/g) more than that of 

pseudo-first-order kinetic model value (1.585 mmol/g). Therefore, the Cr(VI) 

adsorption process onto prepared CDE beads was described well by the pseudo-

second- order-kinetic model. 

 

 



86 

 

 

Figure 4-11 (a) Pseudo-first-order plot of Cr(VI) adsorption onto CDE beads; (b) Pseudo-second-

order plot of Cr(VI) adsorption onto CDE beads. 
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concentration. The results are shown in Figure 4-12. The selectivity of Cr(VI) was 

determined by using Equation (4-10) [112]. The results of selectivity factors of 

prepared CDE beads for Cr(VI) adsorption showed that the CDE beads had high 

selectivity values (S (Cr/Pb) = 0.80, S (Cr/Zn) = 1.32, and S (Cr/Ni) = 1.35). At pH 3, 

the CDE beads had a strong selective ability for Cr(VI) when it existed with Pb(II), 

Zn(II), and Ni(II) in the system, indicating that the three other metals do not present 

strong competition for the active surface sites of CDE beads. In acidic media, the 

protonation of amine groups contributed to the high adsorption of Cr(VI) as an anion 

species, whereas other metal ions existing in cationic forms which reduce its 

adsorption capacity. The adsorption amount of Cr(VI) onto CDE beads was reduced 

only by about 19.27 % compared to the noncompetitive adsorption. Interestingly, this 

result showed that the CDE bead had a high affinity for Cr(VI) followed by Pb(II) and 

less affinity for Zn(II) and Ni(II) when they are simultaneously present in aqueous 

systems. Therefore, the results verify that the CDE beads have a good selective 

adsorption for Cr(VI) from coexisting ions in acidic media. The metal adsorption 

selectivity factor S is defines as: 

                           (   ⁄ )     
(    ⁄ )  
(    ⁄ ) 

                                                                   (    ) 

Where Ce (mg/L) and qe (mg/g) are the equilibrium concentration and adsorption 

capacity, respectively, measured after Cr(VI) adsorption on the CDE beads, and M 

represents metal, i.e., Pb(II), Zn(II), or Ni(II), when these metal ions are present in the 

aqueous solution. Larger S-values imply a stronger selective ability for Cr(VI). 



88 

 

 

Figure 4-12 Competitive adsorption data for Cr(VI), Pb(II), Zn(II), and Ni(II) onto CDE beads 

(pH = 3, C0 = 1000 mg/L for each metal ion, adsorbent dosage = 0.5 g). 

 

4.4.12  Effects of Anions on Cr(VI) Ion Adsorption 

Industrial wastewater commonly contains anions such as NO
3−

, PO4
3−

 and SO4
2−

, 

which change the ionic strength of the wastewater and affect heavy metal removal. 

Consequently, the equilibrium adsorption capacity of Cr(VI) onto CDE beads was 

investigated in the presence of these ions. Figure 4-13 shows the effect of different 

anions on Cr(VI) adsorption performance at 0.05 mol/L ionic concentrations for each 

anion separately, pH 3, initial Cr(VI) concentration 1000 mg/L, and temperature 10 

°C. The results showed that the three anions had a significant influence on the Cr(VI) 

adsorption behavior, the Cr(VI) adsorption was decreased noticeably by 35.38, 27.93, 

and 26.93 mg/g in the presence of PO4
3−

, NO
3−

, and SO4
2−

, respectively. The different 

effect between the three anions is related to their difference in radii (PO4
3−

 < SO4 
2−

, 

NO
3−

) [113]. 
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Figure 4-13 Effect of anions on Cr(VI) adsorption onto CDE beads (C0 = 1000 mg/L, pH = 3, 

anionic concentration = 0.05 mol/L, adsorbent dosage = 0.5 g). 

 

4.4.13  Desorption and Reusability 

Desorption performance and reusability are important parameters to evaluate the 

properties of an adsorbent. From batch adsorption studies (Figure 4-6), the amount of 

Cr(VI) removal onto CDE beads decreased with increasing solution-pH. 

Consequently, the regeneration of CDE beads was subjected by using basic solution 

(0.2 mol/L NaOH). The five adsorption-desorption successive cycles of Cr(VI) 

adsorption onto CDE beads are shown in Figure 4-14. The adsorption capacity of 

Cr(VI) onto CDE beads did not show any significant decrease after five cycles. 

Therefore, the reuse study of CDE beads indicates that the prepared CDE beads are 

efficiently and proficiently stable adsorbent for Cr(VI) uptake from aqueous systems. 

One can see that the Cr(VI) adsorption capacity onto CDE beads was about 84 mg/g 

in the first cycle and 72 mg/g in the fifth cycle. 
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Figure 4-14 Adsorption-desorption cycles of Cr(VI) adsorption onto CDE beads. 

 

 

4.5  Conclusions 
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2
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energetically homogeneous. In addition, the separation of Cr(VI) on CDE beads from 
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mention here that the prepared CDE beads are sustainable material, and its cost is 

very low in comparison with other adsorbents. 
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CHAPTER 5. HIGHLY EFFICIENT REMOVAL OF Pb(II) 

AND Ni(II) BY CHITOSAN/DIATOMACEOUS EARTH 

COMPOSITE 

 

5.1 Abstract 

A novel adsorbent for an effective removing of Pb(II) and Ni(II) from aqueous 

systems in both noncompetitive and competitive modes was prepared by dispersion 

chitosan onto the diatomaceous earth (CSDE), and then was synthesized into a 

spherical shape by using a drop-wise method. Its chemical composition, 

microstructure morphology, and metal-binding mechanism were characterized by 

dispersive X-ray spectroscopy (EDS), scanning electron microscopy (SEM), Fourier 

transform infrared spectroscopy (FTIR), and Brunauer-Emmett-Teller (BET) 

techniques. Batch adsorption studies were utilized to evaluate the potential suitability 

of the prepared CSDE beads and to examine the impact of major adsorption 

parameters such as solution-pH, initial metal concentration, and contact time on the 

Pb(II) and Ni(II) adsorption. Under optimal conditions, the maximal adsorption 

capacities of the CSDE beads based on the Langmuir isotherm model were 175.22 

mg/g for Pb(II) and 149.64 mg/g for Ni(II) for noncompetitive adsorption and 234.8 

mg/g for both metals in competitive adsorption. The common foreign ions such as 

Na
+
, Mg

2+
, and Ca

2+
 had insignificant effect on the Pb(II) adsorption while Mg

2+
 and 

Ca
2+

 affected the Ni(II) adsorption. Adsorption kinetics of both metals followed a 

pseudo-second-order model better than pseudo-first-order model. The prepared CSDE 

beads could be reused at least ten consecutive adsorption-desorption cycles with 

marginal decrease in the total adsorption capacity of both metals. 
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5.2 Introduction 

Heavy metal contaminations have been progressively received a considerable 

attention for removing from wastewater streams in the whole world. This is due to 

their non-bioaccumulation in nature, high toxicity, carcinogenicity, prevalence, 

existence and persistence in the environment [114]. Exposure to heavy metals, even at 

very low concentration, is highly dangerous to the human beings and the ecosystem. 

For example, in 2013 UNICEF announced that ca. 2000 children below five years old 

die every day of diarrheal illness due to contaminated drinking water. In addition, the 

first 10 major chemical contaminations in health community were recognized by the 

World Health Organization (WHO), four of them are heavy metals, including lead 

[115].  

Lead is not essential element for human body functioning, but it could be 

accumulated in the kidney and the nervous system, leading to cancer or deformity 

after intake from water even at very low levels [2]. The main source of lead is from 

different industries such as mining, acid battery manufacturing, metal plating, 

printing, textile, photographic materials [116]. Therefore, it usually exists in the 

wastewater streams or the discharges of these industries. The lead concentrations in 

different industrial wastewaters are up to 100 - 150 mg/L with low solution-pH [5]. 

According to U.S. Environmental Protection Agency (EPA), the maximum 

contaminant level (MCL) of the lead ions in the drinking water, has been set at a low 

level of 0.015 mg/L [5]. 

Nickel is an essential and important metal for plants and micro-organisms [117]. 

The major sources of nickel pollutions in the water streams come from various 

industrial processes such as electroplating, battery and accumulator manufacturing, 

paint formulation, mining production, metal finishing, paper industries, mineral 
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processing, porcelain enameling and forging [118]. The concentration of Ni(II) in the 

wastewater from mining drainage and metal finishing has been reported up to 130 

mg/L [6]. Exposure and accumulation of Ni(II) and its compounds in the human body 

over the permissible levels (0.1 mg/L in the drinking water according to World Health 

Organization) can cause a serious damage to the human health such as pulmonary 

fibrosis, renal edema, skin dermatitis, gastrointestinal distress, lung and kidney 

problems, and dermatitis [119].  

Development of an efficient technology to remove Pb(II) and Ni(II) from the 

aqueous solutions is very necessary and mandatory. Physical, chemical, and 

biological processes for heavy metals removal from aqueous solutions have been 

extensively researched and used such as adsorption, reverse osmosis, ion exchange, 

evaporation, solvent extraction, chemical precipitation, filtration, flotation, 

membrane, coagulation and flocculation, and electrochemical methods [100]. 

Adsorption has been currently considered as one of the most cost-effective and 

technically flexible process for heavy metals removal. In addition, it is easy handling 

and the chemical consumption or/and waste generation is not a significant issue 

compared with other methods like precipitation, membrane, and filtration [120]. 

Adsorption studies with sustainable, efficient, low-cost, and renewable resources 

material such as marine algae, seaweed, surfactant-modified alumina (SMA), 

activated metal oxide, surfactant modified laterite (SML), large α-alumina beads 

chitin, bark, rice husk and chitosan have played a vital role due to its outstanding 

results in heavy metals and other contaminants removal [121,122,123,124,125]. 

Among these available sustainable natural biopolymer materials, chitosan has been 

repeatedly characterized as the excellent material for chemically or physically 

adsorbing various heavy metal ions from aqueous solution. 
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 Chitosan (poly-β-(1→4)-2-amino-2-deoxy-D-glucose) is commercially produced 

in large quantities by partial deacetylation of chitin in hot alkali, which is the second 

plentiful organic material in the nature next to cellulose, and can be extracted from 

crustaceans such as shrimp, lobsters, crayfish, and shells of crabs. It is biocompatible, 

biodegradable, hydrophilic, and nontoxic to human and environment. Moreover, 

chitosan has unique properties such as chemical stability, high reactivity, metal ion 

binding groups (-NH2, -OH), excellent chelation behavior, and high selectivity 

towards pollutants. Despite these advantages, chitosan has low specific surface area, 

swelling properties, tendency to agglomerate, poor mechanical properties and poor 

stability in highly acidic solution, which limited its widespread applications in heavy 

metal ions adsorption [116,126]. Therefore, many studies that summarized in Table 5-

1 with maximum adsorption capacities have been modified chitosan physically and 

chemically in order to overcome some of its shortcomings. Notably, when chitosan 

modified chemically by cross-linking or grafting, its adsorption capacity reduced due 

to consuming and covering part of active site groups like amino and hydroxyl. 

In this particular study, chitosan has been modified physically by coating/ 

dispersion onto an inert substance, diatomaceous earth, and formed into spherical 

adsorbents by using drop-wise method for increasing its total surface area, improving 

its mechanical strength, and preserving the active amine groups. Diatomaceous earth 

is non-hazardous amorphous natural material formed from the remains of diatoms, 

which grew and deposited in the seas or lakes. It has unique physical characteristics, 

such as high permeability (0.1–10 mD), porosity (35 – 65%), small particle size, 

adsorption capabilities, low thermal conductivity and density, and high surface area 

(up to 30 m
2
/g) [10]. The novel prepared chitosan-diatomaceous earth (CSDE) beads 

have been characterized before and after adsorption by Pb(II) and Ni(II) from aqueous 



96 

 

solutions via Fourier-transform infrared spectroscopy (FTIR), Brunauer-Emmett-

Teller (BET) measurements, scanning electron microscopy (SEM), and energy 

dispersive X- ray spectroscopy (EDS). Also, the effect of experimental factors such as 

solution-pH, contact time, and initial metal ions concentration on adsorption process 

of Pb(II) and/or Ni(II) in single and binary metal ion solutions have been investigated. 

Furthermore, adsorption kinetics, adsorption isotherms, mechanism of adsorption, and 

adsorption-desorption behavior were employed. 
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Table 5-1 Maximal adsorption capacities of Pb(II) and Ni(II) onto different chitosan 

modifications. 

Adsorbents 
Metal 

ion 
pH 

Initial 

conc. 

(mg/L) 

Adsorption 

capacity (qe)  

( mg/g) 

Reference  

Nanospheres chitosan, 

Pseudomonas biomass and gelatin 

(CPG) 

Pb(II) 6 350 91.1 [124] 

Xanthate-modified magnetic 

chitosan 
Pb(II) -- 250 76.9 [125] 

Xanthate-Modified Chitosan 

Sponge 
Pb(II) 5 500 216.45 [126] 

Xanthate-Modified Chitosan 

Sponge 
Ni(II) 5 500 41.88 [126] 

Chitosan–polyacrylonitrile blend Pb(II) 5 50 20.08 [10] 

Magnetic chitosan/graphene oxide Pb(II) 5 100 79 [127] 

Ion-imprinted 

tetraethylenepentamine modified 

chitosan 

Pb(II) 6 4000 259.68 [128] 

Chitosan-tripolyphosphate Pb(II) 4.5 300 57.33 [129] 

Chitosan / diatomaceous earth Pb(II) 6 400 175.22 Present study 

Magnetic chitosan chelating resin Ni(II) 6 100 40.15 [130] 

Thiourea-modified magnetic 

chitosan microspheres 
Ni(II) 6 100 15.3 [131] 

Glutaraldehyde-crosslinked 

chitosan 
Ni(II) 4 50 21.2 [132] 

Chitosan coated polyvinyl 

chloride (PVC) beads 
Ni(II) 5 500 120.5 [133] 

Epichlorohydrin crosslinked 

chitosan–clay 
Ni(II) 6 100 32.36 [134] 

Histidine modified chitosan beads Ni(II) 5 1000 55.6 [135] 

Chitosan coated calcium alginate Ni(II) 5 500 222.2 [136] 

Chitosan / diatomaceous earth Ni(II) 6 400 149.64 Present study 

Chitosan / diatomaceous earth 
Ni(II) + 

Pb(II) 
6 400 234.8 Present study 
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5.3 Materials and methods 

5.3.1 Chemicals and materials 

Chitosan (deacetylation 87%, viscosity 1000 mPa.s, molecular weight ~190,000-

310,000 g/mol) and diatomaceous earth powder which is mainly composed of silicon 

dioxide (90% SiO2, 4% Al2O3, 2% Fe2O3, others 4%) were obtained from Aldrich 

Chemical Corporation (St. Louis, MO, USA). Sodium hydroxide and oxalic acid were 

used to dissolve chitosan and adjust the solution-pH. Deionized water was used 

during the experimental studies. Two heavy metals, Pb(II) and Ni(II), were chosen for 

this study, which are not biodegradable under any natural environmental conditions. 

Nickel(II) chloride and lead(II) nitrate were procured from Aldrich Chemical 

Corporation (St. Louis, MO, USA). Appropriate amounts of nickel chloride (2.208 g) 

or lead nitrate (1.598 g) as the salts for the corresponding metal source were dissolved 

in 1 L of deionized water to prepare stock solutions containing 1000 mg/L of Pb(II) or 

Ni(II) ions. Adequate concentrations (50, 100, 200, 300, 400 mg/L) were prepared 

from standard stock solutions by consecutive dilution for working solutions in batch 

experimental runs. All used chemicals in this study were analytically graded. 

 

5.3.2. Preparation of CSDE beads 

Chitosan/diatomaceous earth composite beads were prepared by dispersion 

chitosan onto the diatomaceous earth (CSDE) and were synthesized into a spherical 

shape by using drop-wise method, dropping of an acidic solution of chitosan and 

diatomaceous earth into precipitation beaker [137]. A 25 g of chitosan was dissolved 

in 1 L of 0.15 mol/L oxalic acid solution under continuous stirring, 200 rpm, and 60 

o
C temperature until viscous chitosan gel was formed. Next step, 50 g of 

diatomaceous earth powder was slowly added into the chitosan gel with keeping 
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temperature at 60 
o
C and stirred for three hours to obtain a homogeneous mixture of 

diatomaceous earth and chitosan. The spherical beads of chitosan - diatomaceous 

earth were formed by wisely dropping the final gel mixture into 1 mol/L of NaOH-

solution precipitation beaker. Finally, the spherical adsorbents were separated from 

the NaOH-solution and washed by deionized water until neutralization, and then were 

dried by vacuum furnace at 70
 o

C for 24 hours. The final prepared dried adsorbents 

have an average diameter about 2 mm and sealed as CSDE beads as shown in Figure 

5-1. 

 

Figure 5-1.  Chitosan - diatomaceous earth beads (CSDE beads). 

 

5.3.3 Material characterizations 

The prepared CSDE beads were characterized by Brunauer-Emmett-Teller (BET) 

measurements to determine the total surface area, pore volume, and pore size 

distribution. Hitachi S-4700 Field emission scanning electron microscopy, SEM 

(Model 1530VP, LEO, Germany), was used to investigate the morphology and the 

structure of the adsorbents before and after heavy metals adsorption operating at 20 

kV. The mechanism of Pb(II) and Ni(II) bonding to the CSDE beads and the nature of 
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the functional groups were carried out before and after adsorption using Fourier-

transform infrared spectroscopy (FTIR) (Bruker model FTIR spectrometer) operating 

in a wavenumber range of 400 - 4000 cm
-1

 with resolution of 4 cm
-1

. Using the energy 

dispersive X- ray Spectroscopy (EDS) was to confirm the adsorption of Pb(II) and/or 

Ni(II) onto CSDE beads and to determine the weight percentages of these metal ions 

and the elemental composition of CSDE beads. Finally, the surface charge of the 

CSDE beads at different solutions-pH was measured using zeta-sizer (Malvern, Ltd., 

U.K.). The concentrations of heavy metals in solution were determined by inductively 

coupled plasma-mass emission spectrometry (ICP-MS) (PerkinElmer, USA). 

 

5.3.4 Batch adsorption experiments 

The batch experiments in single and binary systems were carried out in six 

parallel 125 mL Erlenmeyer flasks, containing 0.1 g of prepared adsorbent and 100 ml 

of various desired initial Pb(II) and/or Ni(II) concentrations (50, 100, 200, 300, 400 

mg/L) at 200 rpm and 25 
o
C temperature, to determine the adsorption capacities, 

adsorption kinetics, and adsorption isotherms of the prepared CSDE beads. The pH-

values were adjusted from 2 to 8 by 0.1 mol/L NaOH or 0.1 mol/L oxalic acid. For 

each metal, the pH-value with the highest adsorption capacity was used for adsorption 

isotherm and kinetic studies. The final Pb(II) and Ni(II) concentrations in the 

solutions were measured by Inductively Coupled Plasma-Mass Spectrometer (ICP-

MS) after being separated and filtrated solutions from adsorbents. All experimental 

runs were repeated three times. Eventually, the amount of Pb(II) and Ni(II) adsorbed 

onto CSDE beads was measured by conducting a mass balance on the heavy metals, 

Equation (5-1). 

                                 
(     ) 

 
                                                                               (   ) 
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Where qe is the metal ions adsorbed at equilibrium (mg/g) onto CSDE beads, C0 is 

the initial metal ion concentration (mg /L), Ce is the equilibrium metal ion 

concentration (mg/ L), V is the volume of the solution (L), and m is the mass of 

CSDE beads (g). 

 

 5.3.5  Desorption and regeneration 

The regeneration of the loaded CSDE beads by Pb(II) and/or Ni(II) was assessed 

by separating adsorbents from the solutions and collected them in flasks, and then 

they were washed by deionized water to remove the attached (unabsorbed) metal ions 

on the adsorbents surface with 200 rpm stirring. Next step, the adsorbents were 

agitated with 50 mL of three different solutions, 0.1 mol/L ethylene diamine tetra 

acetic acid (EDTA), 0.1 mol/L sodium hydroxide (NaOH), and 0.1 mol/L 

hydrochloric acid (HCl). After 120 min, the adsorbents were separated from the 

eluents and repeatedly washed with deionized water. The final concentration of Pb(II) 

and Ni(II) in the solution was determined. The performance of the CSDE beads was 

tested by repeating the regeneration process ten times (ten consecutive adsorption-

desorption cycles), using the same adsorbents and the same conditions. 

 

5.4 Results and discussion 

5.4.1 Characterization of CSDE beads 

The CSDE beads were characterized to estimate various physical and chemical 

properties, it could be provided a better interpretation of Pb(II) and Ni(II) removal 

mechanism associated with adsorption process. The physicochemical properties of 

prepared CSDE beads are summarized in Table 5-2. 
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Table 5-2  The main physicochemical properties of the CSDE beads. 

Parameters Value 

Physical nature porous 

Average particle diameter, (mm) 2 

Surface area (m
2
/ g) (based on BET) 14.4 

Bulk density (g /cm
3
) 0.338 

Particle density, (kg/m
3
) 481 

Porosity 0.298 

pore size (mm) (based on BET) 3.23 × 10
-6

 

pore volume (m
3
/g) (based on BET) 7.4 × 10

-9
 

pH - point of zero charge (pHPZC) 5.8 

 

Figure 5-2 represents the SEM images of pure chitosan (CS) and CSDE beads at 

different level of magnifications. SEM observation revealed that the surface 

morphology of CS beads have a layered structure with a relatively homogeneous and 

smooth surface without any visible protuberances (Figure 5-2a), whereas, CSDE 

beads surface had an integral, rough structure, and a good porous surface (Figure 5-

2b), which is suitable for allowing the metal ions diffuse during the adsorption 

process. Moreover, Figure 5-2c displays the surface of CSDE beads after loaded by 

Pb(II) and Ni(II) ions. It can be seen that the surface of loaded adsorbent is changed to 

less porous and adsorbed metal ions created a bright thin layer on the surface which 

confirms that the metal ions were adsorbed onto CSDE beads. 
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Figure 5-2 SEM images of (a) Pure CS, (b) Fresh CSDE beads, (c) Loaded CSDE beads by Pb(II) 

and Ni(II) ions. 

 

The FTIR spectroscopy was used to provide the evidence of comparable 

differences between the fresh CSDE beads and loaded by Pb(II) or Ni(II) as displayed 

in Figure 5-3. The FTIR-spectra of fresh CSDE beads showed peaks at 1640 cm
−1

, 

which was assigned to the N-H deformation vibrations of the NH2 group, at 3298 - 

3384 cm
−1

 range for -OH and -NH stretching, and that at 2902 cm
−1 

was attributed to 

C-H stretching vibration. The stretching bands of the Si-O, Si-O-Si and Al-O-Si 

groups and the deformation bands for these bands corresponded to1355, 1095, 794 

and 472 cm
−1

 respectively [122,32]. In addition, a peak appeared at 630 cm
−1

, which 

indicated to stretching vibration of O-H stretching. On the other hand, after metal ions 

adsorption onto CSDE beads, the deformation vibrations of the NH2 groups shifted 

(a) (b) 

(c) 
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from 1640 cm
-1

 to 1618  and 1633 cm
-1

 range after being loaded by Pb(II) and Ni(II), 

respectively. However, the stretching of -OH and -NH groups shifted to 3211 and 

3295 cm
-1

 after being loaded by Pb(II) and Ni(II), respectively. These observations 

indicate that the amine and hydroxide groups are present in the CSDE beads and 

successfully bonded with heavy metals, indicating that the metal ions are adsorbed 

onto CSDE beads. In addition, the above-mentioned shifts happened in the main 

active groups confirmed to the presence of the probable physical and chemical 

interactions between metal ions and the functional surface groups of the CSDE beads. 

These interactions can be characterized as electrostatic attractions, ion exchange 

and/or chemical complex reaction [116,138]. This indicated that the Pb(II) and Ni(II) 

ions were successfully adsorbed onto the surface of the CSDE beads. 

 

Figure 5-3  FT-IR spectra of fresh CSDE beads, CSDE beads loaded Pb(II) ions, and CSDE 

beads loaded Ni(II) ions. 

 

Figure 5-4 shows the EDS analysis of fresh and loaded CSDE beads by Ni(II) and 

Pb(II). It can be seen that carbon, nitrogen, oxygen, silicon, chloride (comes from 

NiCl2 - the salt that was used to prepare Ni(II) solution) and nickel were presented in 

NH2 

1640 

-OH 

3300 
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the loaded CSDE beads by Ni(II) (Figure 5-4a). However, they were also presented in 

the loaded CSDE beads by Pb(II) excluding chloride and nickel (Figure 5-4b). The 

quantitative elemental compositions of CSDE beads are summarized in the tables that 

located into Figure 5-4. The percentages of adsorbed Pb(II) and Ni(II) ions onto 

CSDE advocated the high content and equal to 9.42 and 7.97 %, respectively. The 

total elemental weight percentages of loaded CSDE beads by Pb(II) and Ni(II) were 

96.50 and 97.79 %, respectively, the rest percentages were some impurities like Fe, 

Al, and Na. The higher percentage of O along with N enhances the interaction 

between chitosan beads and heavy metals. We coated the samples by platinum 

because they were experiencing charging, which can greatly affect the quality of EDS 

results, a charged surface interacts with the incoming beam, which can alter the 

incident energy and/or deflect the beam to a different region. 
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Figure 5-4  EDS analysis of (a) Fresh CCDE beads; (b) Loaded CSDE beads by Ni(II); (c) 

Loaded CSDE beads by Pb(II). 

 

CSDE loaded Ni(II)  

Elements Mass % 

Carbon 25.62 

Nitrogen 8.98 

Oxygen 16 

Silicon 32.73 

Platinum 4.31 

Nickel 7.97 

Chloride  2.18 

Total 97.79 

 

CSDE loaded Pb(II) 

Elements Mass % 

Carbon 25.32 

Nitrogen 9.18 

Oxygen 16 

Silicon 32.5 

Platinum 4.08 

Lead 9.42 

Total 96.50 

 

(b) 

(c) 

(a) Fresh CSDE beads 

Elements Mass % 

Carbon 34.62 

Nitrogen 9.89 

Oxygen 22.16 

Silicon 26.73 

Platinum 5.31 

Total 98.71 

 

(b) 
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The zeta potentials over a range of pH values of CS and CSDE beads were carried 

out by using photon correlation spectroscopy and electrophoretic light scattering. As 

shown in Figure 5-5, the pH - point of zero charge (pHPZC) of CS and CSDE beads 

was 6.63 and 5.8, respectively, indicating that the surface charge of prepared CSDE 

beads is positive at pH < 5.8, which is unfavorable for the adsorption of Pb(II) and 

Ni(II) via electrostatic interaction. The positive zeta potentials at low pH (less than 

5.8) created by the protonation of amine groups in chitosan to    
 . At pH > 5.8, a 

rapid rise of surface negative charge was observed due to the deprotonation of amine 

groups and increasing the hydroxyl groups (OH
-
), indicated to the plentiful protonated 

amino groups on the surface which makes the CSDE structure more suitable for 

selective adsorption. 

 

Figure 5-5 Surface charge of CS and CSDE beads at different solution-pH. 

 

 

 

 

-60

-40

-20

0

20

40

60

80

1 3 5 7 9

CSDE beads

CS beads

Su
rf

ac
e

 c
h

ar
ge

 (
m

V
) 

pH 



108 

 

5.4.2  Adsorption properties of the CSDE beads 

5.4.2.1  Effect of pH on adsorption  

The initial pH of aqueous solutions plays a very vital role and significantly affects 

the liquid-solid adsorption phenomena. It can impact not only on the surface charge 

and states of the binding sites of adsorbent, but also on the interactions between metal 

ions and adsorbents [2]. Heavy metals uptake onto chitosan composite adsorbent is 

mostly happened by NH2 groups due to the presence of electron pairs on nitrogen 

atom in chitosan. Hence, the Pb(II) and Ni(II) adsorption features at various pH 

values onto CSDE beads were studied at the range from 2 to 8, whereas the initial 

concentration of both metal ions was kept at 400 mg/L. The adsorption capacities of 

both metal ions displayed a similar pH-dependence as represented in Figure 5-6. It 

could be seen that the adsorption capacity of both metals had an approximately 

similar variation behavior and was significantly affected by the solution-pH because 

they exist in cation form in the solution. At pH 6 and 7, the adsorption capacities of 

Ni(II) and Pb(II) reached maximum values, 138 and 164 mg/g, respectively. For 

Pb(II), it was sharply increased with increasing the solution-pH from 2 to 6 and 

slightly increased from 6 to reach its maximum (164 mg/g) at pH 7, and then 

decreased to 148 mg/g at pH 8. It was noticed that at pH 8, the lead hydroxide started 

to participate in the solution leading to reduce the adsorption capacity of Pb(II). The 

Ni(II) adsorption behaved similarly to Pb(II) adsorption except that the maximum 

removal capacity happened at pH 6 (138 mg/g) and decreases at pH 7 and 8 due to the 

precipitation of nickel hydroxide in the solution. This phenomenon could be attributed 

to the protonation of chitosan amine groups (-NH2) at highly acidic media (lower pH) 

to the NH4
+
 making the surface of CSDE beads positively charged (as reported in 

Figure 5-5), which causes an electrostatic repulsion between the positive Pb(II) and 
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Ni(II) ions and the protonated amino group on the surface of the CSDE beads. 

Consequently the adsorption capacities of both metal ions were inhibited. Moreover, 

under acidic conditions, the surface of CSDE beads was covered with H
+
 ions which 

compete with the Pb(II) and Ni(II) ions adsorption on the surface of CSDE beads 

[139]. But at pH 6 - 7 (above pHPZC, 5.8) the amine groups are completely 

deprotonated from NH4
+
 to -NH2 and then a large mass of active adsorption sites are 

available for the adsorption of metal ions by electrostatic attraction and they become 

ready to bond and/or coordinate with the metal ions to make metal-resin complex. 

Hence, the adsorption process onto CSDE beads is mainly controlled by electrostatic 

attraction between the positive charge of both heavy metals and the electron pairs on 

the nitrogen atom (-NH2) [32,140].  

 

 

Figure 5-6  Effect of solution-pH on adsorption behavior of Pb(II) and Ni(II) onto CSDE beads 

(C0 = 400 mg/L, T = 25 
o
C, contact time = 300 min). 
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5.4.2.2 Effect of foreign ions and ionic concentration 

Industrial wastewater commonly contains foreign ions such as Na
+
, Mg

2+
, and 

Ca
2+

, which change the ionic strength of the wastewater and effect the heavy metal 

removal [5,6]. Consequently, the equilibrium adsorption capacity of Pb(II) and Ni(II) 

onto CSDE beads was investigated in the presence of these ions. Figure 5-7 shows the 

effect of foreign ions on the Pb(II) and Ni(II) adsorption performance at different 

ionic concentrations (0.01, 0.025, 0.05, 0.075, and 0.1 mol/L). One can observe that 

the adsorption of Pb(II) onto CSDE beads was not affected by the presence of Na
+
 

ions in all used ionic concentrations, but it was slightly affected in the presence of 

Mg
2+

 ions and more in Ca
2+

 ions especially at high ionic concentration (0.1 mol/L). 

The hydrated radii of Mg
2+

, Na
+
 and Ca

2+
 is larger than the Pb(II) ions, and therefore 

the adsorption of Pb(II) onto CSDE beads was weakly affected by these cations in the 

solution [140]. On the other hand, the Ni(II) adsorption onto CSDE beads was largely 

affected by the presence of the Ca
2+

 and Mg
2+

 ions and that effect increased with 

increasing the ionic concentration from 0.01 to 0.1 mol/L, which reduced the Ni(II) 

adsorption capacity by 46.4% at 0.1mol/L of Mg
2+

 and 34.8% at the 0.1mol/L Ca
2+

 

ions, but it was not affected by the presence of the Na
+
 ions. This phenomena might 

be happened due to the fact that the radii of Ca
2+

 and Mg
2+

 ions is smaller than that 

Na
+ 

and Ni(II) ions. Therefore, the Ca
2+

 and Mg
2+

 had the highest affinity to the 

surface of the CSDE beads and highest tendency for ion exchange with the active 

surface groups of CSDE beads, which reduced the ionic interaction sites between the 

surface of CSDE beads and Ni(II) ions. The smaller hydrated radius takes up more 

ionic exchange sites and leads to decrease the Ni(II) adsorption onto adsorbents [141]. 
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Figure 5-7 Effect of  ionic concentrations and foreign ions on (a) Pb(II) adsorption; (b) Ni(II) 

adsorption onto CSDE beads (C0 = 400 mg/L, pH = 7(for Pb(II)), pH = 6 (for Ni(II)), contact time 

= 300 min). 

 

5.4.2.3 Selective and competitive adsorption 

Pb(II) and Ni(II) usually coexist in some wastewaters. Therefore, the competitive 

adsorption of these metal ions onto CSDE beads was performed at concentration 400 

mg/L for each kind of metal ion and initial pH 6. The results are represented in Figure 
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5-8. The order of adsorption capacity matched the noncompetitive adsorption results 

(Pb(II) > Ni(II)). The results showed that the CSDE beads had an excellent adsorption 

selectivity and a high affinity for Pb(II) adsorption followed by Ni(II). This could be 

attributed to the hydrated ionic radius of Pb(II) which is smaller than Ni(II) ions, that 

created more distorted structure between CSDE chelates and Pb(II) ions [119,11]. The 

maximal Pb(II) and Ni(II) removal dropped only about 20.6 % and 37.23 %, 

respectively as compared to non-competitive removal onto CSDE beads. That was 

due to the competition between coexisting ions onto the active group adsorption sites. 

It is important to mention here that the adsorption capacity of Pb(II) and Ni(II) 

together onto CSDE beads was about 234.8 mg/g which was higher than 

noncompetitive adsorption of each metal ions. 

 

Figure 5-8 Competitive adsorption of Pb(II) and Ni(II) onto CSDE beads (C0= 400 mg/L for each 

metal ions, pH = 6, contact time = 300 min). 
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5.4.2.4 Effect of initial concentration and adsorption isotherm 

Establishing an appropriate relationship of liquid - solid adsorption at equilibrium 

is helpful to optimize the adsorption mechanism and to predict the adsorption 

capacities of the prepared CSDE beads. The adsorption isotherms were studied at 50 - 

400 mg/L initial ion concentrations, 0.1 g dosage adsorbent, pH 6, 300 min contact 

time, and 25 
o
C temperature. As shown in Figure 5-9 a, the results displayed that the 

CSDE beads were more efficient for Pb(II) removal rather than Ni(II) and reached the 

saturation at 300 mg/L initial concentration. Two widely used adsorption isothermal 

models (Langmuir and Freundlich) were applied to Pb(II) and Ni(II) adsorption onto 

CCDE beads. The Langmuir isotherm theory assumes that the adsorption takes place 

on the specific homogeneous sites of the adsorbent, that is, the surface sites are 

identical [121], The equation is, 

                                     
     
     

                                                                                 (   ) 

Where α is an adsorption constant related to binding energy (L/mg), qm is the 

maximal adsorption capacity (mg/g), and Ce is the equilibrium concentration of metal 

ions. On the other hand, the Freundlich model assumes a heterogeneous adsorption on 

the surface sites with different energies [123]. The equation is, 

                                     (  )
 
                                                                                      (   ) 

where β and n are constants. 

The results showed that the Langmuir isotherm was more fitted to the 

experimental data than Freundlich model as shown in Figure 5-10 a and b. The 

parameter values of both models are summarized in Table 5-3. The maximal 

adsorption capacities of Pb(II) and Ni(II), calculated on the basis of the Langmuir 

model, were 175.22 mg/g and 149.64 mg/g, respectively. The comparative adsorption 
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capacities of Pb(II) and Ni(II) onto various adsorbents that were previously reported 

by studies are displayed in Table 5-1. The results showed that the CSDE beads 

present a higher adsorption capacity compared with other adsorbents. 

To better understanding the adsorption results, the separation factor (RL) which 

was determined by using Equation (5-4) based on the Langmuir model. It was 

determined for the adsorption of Pb(II) and Ni(II) onto CSDE beads over the range of 

adsorption studies, and plotted against the initial metal concentrations (Figure 5-11). 

The comparatively low values of RL (0 < RL < 1) that obtained for prepared adsorbent 

are support that CSDE beads were being very favorable adsorbent for both metals 

because lower RL values indicate more favorable adsorption [142]. 

                                    
 

     
                                                                                 (   )  

where C0 (mg/L) is the initia concentration of metal ions, α (L /mg) is Langmuir 

constant. 

Table 5-3. Isotherm model parameters of Pb(II) and Ni(II) adsorption  onto CSDE beads. 

Isotherm model Parameter Pb(II) Ni(II) 

Langmuir model 

qm (mg/g) 175.22 149.64 

α (L/mg) 0.0276 0.0123 

R
2
 0.9529 0.9157 

Freundlich model 

n 3.56 2.87 

β (mg
1-1/n

. L
1/n

 /g) 40.94 23.21 

R
2
 0.9042 0.8367 
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Figure 5-9  Adsorption isotherms for the adsorption of Pb(II) and Ni(II) onto CSDE beads (pH = 

6, contact time = 300 min). 
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Figure 5-10  (a) Langmuir Model, (b) Freundlich model for the adsorption of Pb(II) and Ni(II) 

onto CSDE beads (pH = 6, contact time = 300 min). 
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Figure 5-11 Effect of initial concentrations on RL values for the adsorption of Pb(II) and Ni(II) 

onto CSDE beads (pH = 6, contact time = 300 min). 

 

5.4.2.5 Effect of contact time and kinetic studies 

The residence time of metal ions removal at the solid-liquid interface determines 

the adsorption rate of adsorbates. Hence, in general, it is important to understand and 

describe the adsorption kinetics data. In this study, the kinetic experiments were 

carried out at initial concentration 400 mg/L for each metal ion, pH 6, and contact 

time 15 - 300 min. The effect of contact time on the adsorption behavior of Pb(II) and 

Ni(II) onto CSDE beads are shown in Figure 5-12. The adsorption capacity of both 

metals increased significantly in the first 120 min and then slowed down until it 

reached the equilibrium in about 180 min. The reason of this phenomenon could be 

attributed to the strong attractive forces between metal ions and the active sites in 

CSDE beads, which caused a fast diffusion of Pb(II) and Ni(II) ions into the interlayer 

space of the adsorbents.  

A commonly used kinetic models are the pseudo-first-order (Equation 5-5), which 
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difference in saturation concentration, and the pseudo-second-order model (Equation 

5-6), which assumes the rate determining step of adsorption could be through electron 

exchange between metal ions and the adsorbent [143]. They were employed to 

decipher the mechanism of both metals adsorption onto CSDE beads and to analyze 

the rate-controlling step. 

                            (     )                                                                              (   ) 

                          
 

  
 

 

     
 
 

  
                                                                                      (   ) 

Where qe (mg/g) and qt (mg/g) are the amounts of metal ions adsorbed per unit 

mass of the adsorbent at equilibrium and at any time (t), respectively. The k1 (min
−1

) 

and k2 (g/(mg.min)) are constants. The adsorption kinetics were described very well 

with pseudo-second-order model, where the chemical adsorption is the main 

controlling factor, and the adsorption capacity scales with the number of active sites 

[144,145]. The equilibrium adsorption capacities obtained from the pseudo-second-

order model were 169.44 and 141.89 mg/g for Pb(II) and Ni(II), respectively, which 

were close far to the experimental adsorption capacities than those obtained from 

pseudo-first-order model. That means that the adsorption rates of both metal ions onto 

CSDE beads were controlled by the chemical adsorption. The results of both kinetic 

models are summarized in Table 5-4. 
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Figure 5-12 Effect of contact time on Pb(II) and Ni(II) adsorption onto CSDE beads (pH = 6, C0 = 

400 mg/L). 

 

Table 5-4 Kinetic model parameters for Pb(II) and Ni(II) adsorption  onto CSDE beads. 

 Pseudo-first-order model Pseudo-second-order model  

Metal 

ions 
k1 (min

-1
) 

qe 

(mg/g) 
R

2
 

k2 

(g/mg.min) 

qe 

(mg/g) 
R

2
 

qe (Exp.) 

(mg/g) 

Pb(II) 0.146 157.76 0.9798 0.0381 169.44 0.9989 164 

Ni(II) 0.121 132.21 0.9801 0.0292 141.89 0.9967 138 

 

 

5.4.2.6  Desorption and reusability 
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capacity, but also on its regeneration and potential reuse to provide economic benefits 

and to allow using them in practical application. For this purpose, the prepared CSDE 
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mass of amine groups and hydroxyl groups which are sensitive to H
+
 ions. In the 

present investigation, the regeneration of the CSDE beads were accomplished via 

exposure to different solutions, 0.1 mol/L of ethylene diamine tetra acetic acid 

(EDTA), sodium hydroxide (NaOH), and hydrochloric acid (HCl) which are well 

known as strong chelating agents for heavy metal ions [125]. The results of ten 

adsorption-desorption cycles are illustrated in Figure 5-13. The reduction in Pb(II) 

adsorption capacity until 10
th

 cycle onto CSDE beads was still maintained above 92%, 

87%  and 85.4 %, whereas the reduction in Ni(II) adsorption was 89%, 85%, and 83% 

from initial removal by using NaOH, EDTA, and HCl, respectively. This may be 

attributed to the different mechanisms of the used reagents. NaOH can form steady 

electrostatic and chelation complexes with metal ions, while the desorption takes 

place in the HCl and EDTA solution mainly due to the ion exchange [146, 147]. It 

was concluded from these experiments that the loaded CSDE beads by Pb(II) or Ni(II) 

were successfully regenerated without losing their adsorption capacity until ten 

repeated uses, and they were efficient and stable adsorbent for the removal of Pb(II) 

and Ni(II) ions from wastewater. 
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Figure 5-13 Adsorption-desorption cycles of the prepared CSDE beads for (a) Pb(II) adsorption, 

(b) Ni(II) adsorption (C0 = 400 mg/L, T = 25 
o
C , contact time = 300 min, pH = 7 for Pb(II), pH = 

6 for Ni(II)). 
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initial metal concentration and solution-pH. The optimum pH values after pH-affected 

experiments were found 7 for Pb(II) and 6 for Ni(II) adsorption. Langmuir isotherm 

model was found to be the best fit of the experimental data and the maximum 

saturation monolayer adsorption capacities were 175.22 mg Pb(II)/g and 149.64 mg 

Ni(II)/g onto CSDE beads. The adsorption kinetics followed the pseudo-second-order 

equation for both metal ions. NaOH was found to be the best solution for the 

regeneration of the CSDE beads with more than 92% for Pb(II) and 89% for Ni(II) in 

tenth adsorption-desorption cycle. The foreign ions in the solution affected on Ni(II) 

greater than Pb(II) adsorption capacity. According to the competitive adsorption 

studies, the CSDE beads had the highest affinity for Pb(II) ions and the lowest 

affinities for Ni(II) ions. The aforementioned results established that the prepared 

CSDE beads can be used confidently as the promising and cost-effective adsorbent for 

selectively heavy metals removal from the wastewater. 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions of the Present Research 

Chitosan and diatomaceous earth are highly abundant, non-toxic, and 

biocompatible in nature. In this work, chitosan was coated successfully with 

diatomaceous earth and prepared as spherical beads of average diameter 

approximately 2 mm. The chitosan-coated diatomaceous earth beads were examined 

to study the aqueous phase adsorption of zinc, chromium, lead, and nickel in both 

competitive and non-competitive mode. 

 The BET data showed that the prepared CSDE beads have a high surface area, 

14.4 m
2
/g compared to the pristine chitosan, 1.9 m

2
/g. The SEM and EDS analysis 

showed that the CSDE beads were highly porous and the exposed adsorbents to the 

heavy metals solution have relatively high percentages, 7.73% for Zn(II), 7.53% for 

Cr(VI), 9.42 for Pb(II), and 7.97% for Ni(II), which indicates a high adsorption 

capacity of prepared adsorbent. The FTIR results indicated that the adsorption 

mechanism could mainly be the inner sphere complexation between the active site 

groups (amine and hydroxyl), and the heavy metal ions. 

The chitosan-coated diatomaceous earth (CSDE) beads had the strongest affinity 

to Pb(II) and Ni(II) ions superior to Cr(VI) and Zn(II) ions. According to the analysis 

of adsorbent surface properties at different solution-pH, the prepared adsorbents have 

zero potential charge (pHZPC) at 5.8 and negative surface charge at pH greater than the 

pHZPC, due to the deprotonation of amine groups. That means the cations heavy 

metals are preferably adsorbed at pH greater than 5.8. In the batch mode, after 

parameters were optimized, the results of isotherm and kinetic studies showed that the 

Langmuir isotherm (monolayer coverage of heavy metal ions onto prepared 

adsorbent) and pseudo-second-order kinetic model (the adsorption purely takes place 
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on external diffusion controlled mechanism) have a good correlation with all studied 

heavy metals adsorption onto CSDE beads. The negative thermodynamic parameter 

values (ΔH°, ΔS°, and ΔG°) indicated that the adsorption process of all heavy metals 

onto prepared adsorbents was spontaneous, exothermic, suitable, random, and the 

beads surface was energetically homogeneous, that means the metal ion removal 

decreased with increasing in the temperature.  

Ten consecutive adsorption-desorption processes demonstrated that the prepared 

CSDE beads show excellent desorption performance and reusability, through a 

reduction in adsorption capacity of 8 % for Pb(II) and 11 % for Ni(II) in the tenth 

cycle, 13 % for Zn(II) in the fourth cycle, and 14.3 % for Cr(VI) in the fifth cycle 

using NaOH solution as a reagent. The coexisting anions/cations effect of wastewater 

on the removal efficiency of heavy metals was significant, the adsorption capacity 

was reduced by about 46.4 %, 7 % and 19.27 %  for Ni(II), Zn(II), and Cr(VI), 

respectively, in the presence of these ions. The initial metal concentration and 

solution-pH had a significant impact on the adsorption capacity of prepared CSDE 

beads. A high removal capacity was observed and it was increased with increasing the 

initial metal concentration and contact times, but it was decreased by increasing the 

temperature and solution-pH at pH greater than 7 for Pb(II), Ni(II), and Zn(II). The 

highest Zn(II) ion uptake capacity onto prepared CCDE beads was 127.23 mg 

Zn(II)/g at pH 6, initial concentration 500 mg/L, contact time 130 min, and 

temperature 10 °C. The highest Cr(VI) uptake capacity was 84 mg Cr(VI)/g at pH 3, 

initial concentration 500 mg/L, contact time 210 min, and temperature 10 °C. The 

highest uptake capacities of Pb(II) and NI(II) were 175.22 mg Pb(II)/g at pH 7 and 

149.64 mg Ni(II)/g at pH 6, temperature 25 °C, initial concentration 1000 mg/L, and 

contact time 180 min onto CSDE beads. Breakthrough data from contentious bed 
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column showed that the flow rate of solution had a significant effect on adsorption 

capacity of Zn(II) ions and exhausted time of adsorbent, the exhausted time was 

decreased from 335 to 115 min when the flow rate of solution increased from 3 to 6 

ml/min, respectively. Finally, this study indicates that the modified chitosan by 

diatomaceous earth could serve as a viable low-cost potential adsorbent for the 

removal of heavy metal ions from aqueous solution in batch and continuous column 

mode. 

 

6.2 Recommendations for Further Research 

The knowledge and insights gained from the adsorption of heavy metals onto a 

new prepared sustainable adsorbent in this research paved the way further studies by 

providing a better understanding of adsorbent characterization and adsorption process. 

First, studying the adsorption of other types of pollutants such as dyes and phenols, 

using the same prepared CSDE beads. Second, using the prepared CSDE beads in real 

industrial wastewater adsorption to evaluate the feasibility of new adsorbent for 

practical applications. Third, modified chitosan chemically beside the physical 

modification to enhance some of the other properties of prepared CSDE beads such as 

enhancing the stability in highly acidic media and reducing the gel formation. Fourth, 

using the X-ray photoelectron spectroscopy (XPS) technique to characterize the 

prepared CSDE beads, which could give more useful information about the 

mechanism of blending chitosan/diatomaceous earth composite, and about the 

interacting mechanism of adsorbing metals onto active site groups. Fifth, evaluating 

the impact of increasing the adsorbent dose, agitator speed, and ionic strength on the 

adsorption behavior of heavy metals onto CSDE beads. Sixth, predicting some of the 

final properties of the prepared CSDE beads such as the mechanical strength, 
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swelling, and agglomeration and finally developing mathematical models for 

simulating the adsorption process. 
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