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Abstract 

The present study has been conducted to characterize physico-chemical properties of the 

Upper Cretaceous deposits from Tunisia, including the Abiod limestones and the Aleg clays, 

and to evaluate their capacities in removing toxic metals from aqueous solutions in mono- and 

multiple-elements systems. Different techniques, including X-ray fluorescence analysis (XRF), 

thermogravimetic analysis (TG/DTA), fourier transform infrared spectroscopy (FTIR), X-ray 

diffraction analysis (XRD) and scanning electron microscopy (SEM) were used for the 

characterization of the adsorbents. Adsorption experiments were performed using batch sorption 

methodology as an appropriate technique in the current study. 

The chemical and mineralogical characterization of the Upper Cretaceous limestones of the 

Abiod formation, Tunisia, showed that the limestone of southern Tunisia contained up to 

99.6% calcium carbonate, whereas that of the northern area contained less than 80% calcium 

carbonate as well as 23% impurities. Although southern samples are mainly composed of 

calcite, they contained small amounts of clay minerals, including smectite, kaolinite, illite and 

mixed layer minerals of smectite/illite. The characterization of the collected samples allowed 

the selection of the most auspicious sites that could be excavated for use as adsorbent to remove 

heavy metals in aqueous system. We examined the effects of impurities in limestone on its 

capacity to retain several selected heavy metals. The experimental data showed that Tunisian 

natural limestones were highly efficient in the removal of heavy metals (Pb(II), Cd(II), Cu(II) 

and Zn(II)) from an aqueous solution. Limestone from northern Tunisia, containing higher 

concentrations of impurities such as silica, iron and aluminum oxides, showed much better 

removal than the limestones of the southern area. It is therefore recommended as an efficient 

adsorbent for the removal of selected heavy metals from wastewaters. Kinetic data demonstrated 

a high degree of fitness to the pseudo-second order and intra-particle diffusion models. The 

selectivity sequence of the studied metal was Pb(II) > Cu(II) > Zn(II) > Cd(II) in single and 

mixed systems. Due to their chemical properties (i.e., high electronegativity, small hydrated 

radius and high hydrolysis constant), copper and lead were sorbed onto limestone surface more 

than cadmium and zinc.  

The applicability of Tunisian natural clays in the removal of several metal ions from aqueous 

solutions was also evaluated. For the purpose of this study, two natural clay samples present in 

the Late Cretaceous Aleg formation were collected from Gabes (Y sample) and Gafsa areas (S 

sample), south of Tunisia. Mineralogical and spectroscopic characterizations indicated that the 

clay of Gabes area was mainly montmorillonite with substantial amounts of illite and kaolinite 



ii 
 

whereas the sample collected from Gafsa district contained high amount of carbonates, kaolinite 

and illite. From the adsorption of heavy metal studies, it was concluded that both smectitic and 

calcareous clays could be used for the removal of several metal cations in aqueous systems. The 

sequence of heavy metals adsorption in a single and multi-element systems onto the studied 

clays was: Pb(II) > Cu(II) > Zn(II) > Cd(II). In the mixed systems, the adsorption capacity 

decreased for each metal due to the competitive effect. In addition, the removal of Pb(II) ions in 

the presence of other metals showed greater potential than the removal of other metals in the 

presence of Pb(II). Such findings are contingent upon some physical properties of the studied 

metals (i.e., relative binding strength, hydrated radius, electronegativity and hydrolysis constant). 

Our study showed that good adsorptive capacities could be achieved under the operating 

conditions of 60 min contact time, pH 6 and clay concentration of 1 g/L at 25°C. The obtained 

results demonstrated that, in addition to the adsorption to the reactive sites, ion exchange with 

Ca(II) and the precipitation as metal carbonates were possibly involved as effective 

immobilization mechanisms, especially for Pb(II) and Cu(II).  

The comparative results from the current and previous relevant studies suggest that both 

carbonates and clay materials of the Upper Cretaceous deposits can be effectively used for the 

removal of toxic heavy metals from wastewater.  

Keywords: Heavy metals; limestone; clay; wastewater treatment; adsorption; isotherms�
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Chapter 1    Introduction  

1. Heavy metals in the environment 

Rapid industrialization and urbanization have resulted in the deterioration of water, air and 

land quality. Natural waters are contaminated with several heavy metals arising mainly from 

mining wastes and industrial discharges. The tremendous increase in the use of the heavy 

metals over the past few decades has eventually resulted in an increased flux of metallic 

substances in the environment. The heavy metals are of special concern because they are non-

degradable and therefore persistent. 

Commonly encountered metals of concern include Pb(II), Cu(II), Zn(II), Co(II), etc. These 

metals are generally toxic in both their chemically combined forms as well as the elemental 

form. Exposure to these contaminants present even in low concentration in the environment 

can prove to be harmful to the human health. In order to solve heavy metal pollution in the 

environment, it is important to bring applicable solutions. A few familiar methods in practice 

for the removal of these metals are chemical precipitation, ion exchange, solvent extraction, 

reverse osmosis, adsorption, etc. Reverse osmosis, although very effective, is a cost-

prohibitive process. Chemical precipitation is not suitable when the pollutants are present in 

trace amounts and also a large amount of sludge is produced. The process of adsorption has 

become one of the most preferred methods for removal of toxic metals in aqueous systems 

(Bhattacharyya and Gupta 2008). 

The fate and transport of a metal in soil and groundwater depends significantly on the 

chemical form and speciation of the metal (Hites, 2007). The mobility of metals in ground-

water systems is hindered by reactions that cause metals to adsorb or precipitate, and tends to 

keep metals associated with the solid phase and prevents them from dissolving. These 

mechanisms can retard the movement of metals and also provide a long-term source of metal 

contaminants (National Research Council, 1994). While the various metals undergo similar 

reactions in a number of aspects, the extent and nature of these reactions varies under 

particular conditions. 

The chemical form and speciation of some of the more important metals found at 

contaminated sites are discussed below. The influence of chemical form on fate and mobility 

of these compounds is also discussed. 
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1.1. Lead 

The primary industrial sources of lead contamination include metal smelting and 

processing, secondary metals production, lead battery manufacturing, pigment and chemical 

manufacturing, and lead-contaminated wastes. Widespread contamination because of the 

former use of lead in gasoline is also of concern. Lead released to groundwater, surface water 

and land is usually in the form of elemental lead, lead oxides and hydroxides, and lead metal 

oxyanion complexes (Smith et al., 1995). 

Lead occurs most commonly with an oxidation state of the valence of 0 or +II. Pb(II) is 

the more common and reactive form of lead and forms mononuclear and polynuclear oxides 

and hydroxides. 

Under most conditions Pb(II) and lead-hydroxy complexes are the most stable forms of 

lead (Smith et al., 1995). Low solubility compounds are formed by complexation with 

inorganic (Cl-, CO3
2-, SO4

2-, PO4
3-) and organic ligands (humic and fulvic acids, amino acids) 

(Bodek et al., 1988). Lead carbonate solids form above pH 6, and PbS is the most stable solid 

when high sulfide concentrations are present under reducing conditions. 

Most lead that is released to the environment is retained in the soil (Evans, 1989). The 

primary processes influencing the fate of lead in soil include adsorption, ion exchange, 

precipitation, and complexation with sorbed organic matter. These processes limit the amount 

of lead that can be transported into the surface water or groundwater. The relatively volatile 

organo-lead compound like tetramethyl lead may form in anaerobic sediments as a result of 

alkyllation by microorganisms (Smith et al., 1995). 

The amount of dissolved lead in surface water and groundwater depends on pH and the 

concentration of dissolved salts and the types of mineral surfaces present. In surface water 

and ground-water systems, a significant fraction of lead is not dissolved, and occurs as 

precipitates (PbCO3, Pb2O, Pb(OH)2, PbSO4), sorbed ions or surface coatings on minerals, or 

as suspended organic matter. 

1.2. Zinc 

Zinc (Zn) does not occur naturally in elemental form. It is usually extracted from mineral 

ores to form zinc oxide (ZnO). The primary industrial use for zinc is as a corrosion-resistant 

coating for iron or steel (Smith et al., 1995). Zinc usually occurs in the valence of +II as 

oxidation state and forms complexes with a number of anions, amino acids and organic acids.  

Zinc is one of the most mobile heavy metals in surface waters and groundwater because it 

is present as soluble compounds at neutral and acidic pH values. At higher pH values, zinc 
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can form carbonate and hydroxide complexes which control zinc solubility. Zinc readily 

precipitates under reducing conditions and in highly polluted systems when it is present at 

very high concentrations, and may coprecipitate with hydrous oxides of iron or manganese 

(Smith et al., 1995). 

Sorption to sediments or suspended solids, including hydrous iron and manganese oxides, 

clay minerals, and organic matter, is the primary fate of zinc in aquatic environments. 

1.3. Cadmium 

Cadmium (Cd) occurs naturally in the form of CdS or CdCO3. Cadmium is recovered as a 

by-product from the mining of sulfide ores of lead, zinc and copper. Sources of cadmium 

contamination include plating operations and the disposal of cadmium-containing wastes 

(Smith et al., 1995). 

The form of cadmium encountered depends on solution and soil chemistry as well as 

treatment of the waste prior to disposal. The most common forms of cadmium include Cd(II), 

cadmium-cyanide complexes, or Cd(OH)2 solid sludge (Smith et al., 1995). Hydroxide 

(Cd(OH)2) and carbonate (CdCO3) solids dominate at high pH whereas Cd(II) and aqueous 

sulfate species are the dominant forms of cadmium at lower pH (<8). Under reducing 

conditions when sulfur is present, the stable solid CdS(s) is formed. Cadmium will also 

precipitate in the presence of phosphate, arsenate, chromate and other anions, although the 

solubility will vary with pH and other chemical factors. 

Cadmium is relatively mobile in surface water and ground-water systems and exists 

primarily as hydrated ions or as complexes with humic acids and other organic ligands 

(Appel et al., 2008). Under acidic conditions, cadmium may also form complexes with 

chloride and sulfate. Cadmium is removed from natural waters by precipitation and sorption 

to mineral surfaces, especially oxide minerals, at higher pH values (>pH 6). Removal by 

these mechanisms increases as pH increases. Sorption is also influenced by the cation 

exchange capacity (CEC) of clays, carbonate minerals, and organic matter present in soils and 

sediments.  

1.4. Copper 

Copper (Cu) is mined as a primary ore product from copper sulfide and oxide ores. Mining 

activities are the major source of copper contamination in groundwater and surface waters. 



4 

Other sources of copper include algicides, chromated copper arsenate (CCA), and copper 

pipes. 

Solution and soil chemistry strongly influence the speciation of copper in ground-water 

systems. In aerobic, sufficiently alkaline systems, CuCO3 is the dominant soluble copper 

species. The cupric ion, Cu(II), and hydroxide complexes, CuOH+ and Cu(OH)2, are also 

commonly present. Copper forms strong solution complexes with humic acids. The affinity of 

Cu(II) for humic substances increases as pH increases and ionic strength decreases. In 

anaerobic environments, when sulfur is present CuS(s) will form. 

Copper mobility is decreased by sorption to mineral surfaces. Cu(II) sorbs strongly to 

mineral surfaces over a wide range of pH values (Dzombak and Morel, 1990). 

2. Heavy metal removal processes in aqueous systems 

Some in situ treatment technologies available for the removal of heavy metal ions from 

aqueous solutions include chemical precipitation (Sampaio et al., 2009), ion-exchange (Gode 

and Pehlivan, 2003) and phytoextraction (Wei et al., 2008). All of these technologies have 

been shown to effectively remove metals ions from aqueous solutions, where adsorption at 

solid substrate is preferred because of its high efficiency, easy handling and cost effectiveness 

as well as availability of different adsorbents. 

Removal of toxic metals by natural limestones has been investigated by multiple 

researchers (Aziz et al., 2001; Sanchez and Ayuso, 2002; Godelitsas et al., 2003; Prieto et al., 

2003; Komnitsas et al., 2004; Cave and Talens-Alesson, 2005; Rouff et al., 2006, Aziz et al., 

2008). These studies have found that limestone may be an effective natural geological 

material for the treatment of water contaminated with heavy metals.  

Numerous works have been also undertaken to study the efficiency of various type of clay, 

including kaolinite (Sari et al., 2007; Schaller, et al. 2009), bentonite (Ulmanu et al., 2003; 

Kaya and Hakan Ören, 2005), sepiolite (Guerra et al., 2010), montmorillonite (Lin and Juang, 

2002) and other natural adsorbents (Al-Degs et al., 2006). The use of natural adsorbents is 

particularly beneficial for the development of cost effective process for heavy metal removal 

from wastewater. Searching for low-cost and easily available adsorbents to remove heavy 

metal ions has become a main research focus. To date, hundreds of studies on the use of low-

cost adsorbents have been published. Several reviews are available that discuss the use of 

low-cost adsorbents for the treatment of heavy metals wastewater. Babel and Kurniawan 

(2003) reviewed the use of low-cost adsorbents for heavy metals uptake from contaminated 
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water. Bhattacharyya and Gupta (2008) reviewed the adsorption of a few heavy metals on 

natural and modified kaolinite and montmorillonite. 

On the other hands, Tunisia is pursuing policies aiming at the promotion of the local 

materials sector, including the use of carbonates, clay and silica sands (Sdiri et al., 2010). For 

this reason, the use of local materials for industrial applications has been extensively 

investigated (Chaari et al., 2008; Felhi et al., 2008; Baccour et al., 2008; Eloussaief et al., 

2009, 2011; Eloussaief and Benzina 2010, Ghorbel-Abid et al., 2010; Sdiri et al., 2010). 

Among the studied geological deposits, the Upper Cretaceous deposits (i.e., Coniacian-Lower 

Campanian clays and Campanian-Maastrichtian limestones) have the required technical 

specifications for use in various industrial applications, especially for heavy metal removal. 

The physicochemical properties of Tunisian limestone collected from the Upper 

Cretaceous level were examined with the aid of thermogravimetic analysis (TG/DTA), 

Fourier transform infrared spectroscopy (FTIR), X-ray diffraction analysis (XRD) and X-ray 

fluorescence analysis (XRF). The chemical and mineralogical characterization of the 

collected limestone samples and the determination of their impurities allowed the selection of 

the most auspicious sites that could be excavated for use for various environmental and 

industrial applications. One of the most promising approaches is to use such material as 

adsorbent for the removal of heavy metals from aqueous solution. 

Chapter 3 examined the effects of impurities in limestone on its capacity to retain several 

selected heavy metals. The effects of sorption parameters (e. g., contact time, pH, limestone 

concentration and temperature) on the sorption efficiency of the Cretaceous Abiod limestone 

allowed the determination of the main mechanisms involved in the removal process. Metal 

ion diffusion in the solution was examined in order to evaluate the extent of the rate-limiting 

step. The effect of equilibration time on the sorption of cadmium, copper and zinc was also 

kinetically analyzed with the application of the pseudo-second order kinetic model. The 

prospective use of natural limestones in wastewater cleanup was further discussed in Chapter 

4. The competitive sorption of Pb(II), Cd(II), Cu(II) and Zn(II) in binary, ternary and 

quadruple systems was also studied. 

In chapter 5, the applicability of Tunisian natural clays in the removal of several metal 

ions (Pb(II), Cd(II), Cu(II) and Zn(II)) from aqueous solutions was evaluated by using batch 

adsorption method. The effects of contact time and initial metal solution concentration on the 

adsorption of heavy metals were studied in detail. The adsorption isotherms, including 

Langmuir, Freundlich and Dubinin Radushkevich (D-R) isotherm were applied to the 

equilibrium data to describe the main interactive mechanisms involved in the removal process. 
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Kinetic parameters were also calculated from the pseudo-first-order and pseudo-second-order 

models for better description of the adsorption mechanism. The optimization of adsorption 

parameters and the establishment of adsorption isotherms are of crucial importance for 

understanding the mechanisms involved in heavy metals removal from aqueous solutions.  

The advantages of Tunisian clay in term of competitive adsorption of various metal 

cations were demonstrated in chapter 6. The effects of impurities as well as the competitive 

cations on the adsorption of heavy metals were also emphasized. The mutual interactive 

behavior of both clay and metal removed and between metal cations in mixed systems was 

studied in detail. 

In chapter 7, we attempted to give a briefing of the main findings and present an overall 

discussion and conclusions about the removal processes. The main physico-chemical 

properties and their effects on the adsorptive capacities of natural limestones and clays were 

also discussed. 

The amount of heavy metals removed by both carbonates and clay materials was 

compared to the previous relevant studies to conclude about the feasibility of using the Upper 

Cretaceous deposits (i.e., limestones and clays) from Tunisia in the removal of several metals 

from wastewater. 

3. Objectives 

Based on the aforementioned review, the present study has been undertaken to (1) 

characterize physico-chemical properties of the Upper Cretaceous deposits, including the 

Abiod limestones and the Aleg clays, (2) evaluate their capacities in removing toxic metals 

from aqueous solutions in mono- and multiple-elements systems, (3) simulate the removal of 

the selected metals in terms of kinetic and thermodynamic studies, and (4) discuss the 

feasibility of using natural carbonates and clays in waste waters treatment. 
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Chapter 2 Mineralogical and spectroscopic characterization of limestone 

from the Abiod formation, Tunisia 

1. Introduction 

In Tunisia, Late Cretaceous limestone is one of the most important carbonate formations 

(Negra, 1994). The Abiod formation belonging to the lowest division of the Campanian-

Maastrichtian system is generally composed of two thick limestone beds separated by an 

alternation of marly layers. Thus, it has been traditionally subdivided into three members 

(Burollet, 1956; Ben Ferjani et al., 1990): lower and upper chalks separated by middle shale 

as shown in Fig. 1. In the Gabes region in south-eastern Tunisia, the Campanian-

Maastrichtian limestone is recrystallized and varies from white to beige and pink. Numerous 

sites are currently being excavated to supply ornamental stones, used for dwelling facades 

and pillars (Gaied et al., 2000; Bouaziz et al., 2007). The transgressive phase of the Late 

Cretaceous period is characterized by the progression of the marine domain, which gave rise 

to 20-30-m-thick platform of marls and limestones. In the Chotts range in southwestern 

Tunisia, the basin also has up to 600 m of Maastrichtian limestone (Patriat et al., 2003). In 

central Tunisia, the Campanian-Maastrichtian deposits show great variation in their thickness, 

ranging from 50 to 200 m (Dlala, 2002). The Campanian of northern Tunisia consists largely 

of chalk facies (Negra, 1994). In this area, the subsidizing basin accumulates thick sequences 

of hemipelagic chalks and marls with thick Abiod chalk beds (Jarvis et al., 2002). The 

outcropping beds of the Abiod formation have allowed an increase in the quarrying activities 

because of their chemical and physical characteristics.  

The Abiod formation is widely exploited for dimension stone, cement, glass 

manufacturing, painting materials and pharmaceutical products (Aloui and Chaabani, 2007). 

Several specialized factories are also using this limestone as a raw material for pure calcium 

carbonate manufacture (Bouaziz et al., 2007). According to Louhaichi (1991) the Late 

Cretaceous limestone is composed largely of calcite, but it often contains variable impurities 

that strongly influence its physical and chemical properties. Common impurities include clay 

minerals, silt and sand. However, more detailed information is needed to assess the quality of 

limestone for the choice of most auspicious industrial application. In this study, particular 

attention has been devoted to the assessment of the physicochemical characteristics of 

Tunisian limestone collected from the Upper Cretaceous level. Various techniques, including 

thermogravimetic analysis (TG/DTA), Fourier transform infrared spectroscopy (FTIR), X-ray 
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diffraction analysis (XRD) and X-ray fluorescence analysis (XRF) were used for the 

chemical and mineralogical characterization of the selected limestone samples and also for 

the determination of their impurities. Owing to its low cost and its unique physical and 

chemical properties, limestone from the Abiod formation is expected to be utilized as a 

geological material for new industrial applications. One of the most promising approaches is 

to use such material as adsorbent for the removal of heavy metals from aqueous solution, as 

reported in a few previous studies (Sanchez and Ayuso, 2002; Komnitsas et al., 2004; Aziz et 

al., 2008). Therefore, this material can provide an alternative to resolve some environmental 

pollution problems. Other possible uses include marble, glass and ceramic manufacture 

(Jordan et al., 2009; Montero et al., 2009). 

2. Materials and methods 

2.1. Geology of the Abiod formation 

As mentioned in the introduction, the Abiod formation extends over northern, central and 

below eastern Tunisia (Fig. 2), showing locally lateral variations in facies and thickness due 

to the different depositional environments (Dlala, 2002; Mejri et al., 2006). In the north of 

Tunisia, open marine conditions have prevailed (Rouvier 1977, 1985), while in the south and 

around the Chotts range, shallow marine depositions have taken place, resulting in the 

deposition of an essentially bioclastic limestone with some marl, marly limestone and 

gypsum, often rich in Orbitoides (Fournie, 1978). However, in some places, the Abiod 

formation is sandy because of the reworking of lower cretaceous sandstones (Mejri et al., 

2006). 

In the Gabes area study sites (Fig. 2), the outcropping features consisted of red and white 

to white yellowish well-crystallized limestone beds gently dipping toward the west with 

overall thickness ranging from 2 to 20 m. The structure is tabular with numerous fractures 

and lamellibranches molds. In Gafsa district, the formation consists of 10-15 m of hard and 

well-crystallized metric limestone beds with intercalations of thin clay layers. It changes 

locally to a series of white and soft chalk crests containing abundant bivalve shells (Fig. 1). In 

northern site near Bizerte, the grey limestone beds of the upper member of the Abiod Chalk 

are well characterized by a marked increase in the thickness to the detriment of the 

intercalated grey marls (Fig. 1). The total thickness of this grey limestone level is estimated 

to be 10 m.  
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2.2. Collection and preparation of limestone samples 

Nine limestone samples from the Late Cretaceous Abiod formation were collected from 

various locations in Tunisia (Fig. 2). Special attention has been directed to the limestone 

outcroppings in the Gabes (south), Gafsa (south) and Bizerte (north) areas where the 

geological particularities of the material, such as the reserves, continuity and accessibility, 

facilitate the potential use of the material for a wide range of industrial and environmental 

applications. Prior to the different analyses, the collected limestone blocks were crushed by 

hand using a stainless steel mortar and pestle. The powdered samples were sieved, a grain 

size of less than 500 µm was prepared, and stored in plastic bottles. Further grinding was 

undertaken to prepare the subsamples of less than 53 µm, which were also subjected to most 

of the analyses. 

2.3. Fourier transform infrared spectroscopy (FTIR) 

Infrared spectra were obtained using an FT-IR spectrophotometer (FT-720; Horiba Ltd., 

Japan) over the region of 4000–650 cm-1 at room temperature. Powdered samples of less 

than 53 µm were scanned 25 times at 4 cm-1 resolution.  

2.4. Thermal analysis (TG/DTA) 

Thermogravimetric analysis was performed with a TG/DTA instrument (EXTRA 6000, 

TG/DTA 6300; Seiko, Japan) using aluminum as inert reference material. About 5 mg of less 

than 53 µm-sized limestone powders was heated from 25 to 1000°C at the regular increment 

of 10°C/min in air atmosphere of 100 mL/min. The weight change during the temperature 

increase was measured. Differential thermal gravimetry (DTG) and differential thermal 

analysis (DTA) were used for peak identification as they show specific reactions during the 

course of the heating program. 

2.5. Chemical composition and mineralogical analysis (XRF and XRD) 

Chemical compositions of powdered and pressed limestone samples were determined by 

subjecting them to an electron microprobe equipped with an X-ray dispersive spectrometer 

(JXA8621 Superprobe; JEOL, Japan). Mineralogical analysis of each sample was carried out 

for the untreated sample representing the powdered limestone and the separated clay fraction 

subsample. Carbonates were removed using acetic acid (1 mol/L) in a water bath at 80°C. 

Organic matter in the acetic acid-treated carbonate-free samples was oxidized with 30% H2O2. 

Then, free iron and aluminum oxides were removed by the citrate-bicarbonate-dithionite 
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method (CBD) as described elsewhere (Mehra and Jackson, 1960; Pansu and Gautheyrou, 

2006) 

After CBD treatment, insoluble silicates were collected by centrifugation for 10 min at 

3200 rpm, and the separation of clay fractions was carried out using the simple gravity 

sedimentation method (Pansu and Gautheyrou, 2006). Aliquots of separated clay fractions 

were saturated with Mg2+ and K+ and transferred onto standard glass slides for analysis. Mg-

saturated clay subsamples were also solvated by glycerol. The K-saturated clay subsamples 

were heated at 350 and 550°C for 1 h. XRD patterns were obtained with an X-ray 

diffractometer (RAD-X; Rigaku Intl. Corp., Japan) using Cukα radiation (40 kV, 25 mA). 

Limestone samples were step-scanned between 2° and 75° (2θ) using 0.02° increments. The 

diffractograms of each clay fraction subsample were recorded between 2° and 40° (2θ) and 

then computer-processed to get peak position and its intensity. The powder and oriented 

samples were mounted on quartz slides to minimize background.  

3. Results and discussions 

Although limestone from the Abiod formation is now being excavated for several 

industrial applications, such as dimension stone, cement manufacturing, glass making, 

painting materials, pharmaceutical products and decorative plates (Bouaziz et al., 2007; Aloui 

and Chaabani, 2007), detailed studies have not been undertaken to determine the most useful 

potential utilization to enhance the economic growth of the sector (Louhaichi, 1991; Jamoussi, 

et al., 2003; Aloui and Chaabani, 2007; Bouaziz et al., 2007). According to the above-

mentioned works, the limestone of the Abiod formation was found to be of high purity. 

Hence, this limestone is expected to have high potential and the required technical 

specifications to be utilized for various industrial applications, including its use for 

environmental projects such as treatment of wastewater (Sanchez and Ayuso, 2002; 

Komnitsas et al., 2004; Aziz et al., 2008). The determination of the main characteristics of 

this material with the help of spectroscopic techniques may be beneficial for the selection of a 

new industrial application such as the removal of heavy metals from aqueous solution.  

3.1. Chemical composition by XRF 

The chemical composition of bulk limestone was variable (Table 1). The comparison of 

calcium carbonate contents of different samples showed that limestones, collected from the 

southern area (AS1, ZNC, MKM and GBS samples), were characterized by their higher 

purity, but silica constituted the common impurity, ranging from 0.336 to 1.8%. In contrast, 
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those from northern area (SD1 and SD2) showed the highest SiO2 contents, reaching about 

17% with minor amounts of iron and aluminum oxides. The purity of these two samples was 

evidently lower. The occurrence of faint magnesium oxide in SND and MKM samples bears 

witness to the presence of trace amounts of smectite (Felhi et al., 2008). It should be 

emphasized that Al2O3, Fe2O3 and K2O contents were higher in the northern samples than the 

southern ones, and SrO was higher for both northern samples (SD1, SD2) and southern Gafsa 

samples (AS1, AS2 and CHB). In the Gabes samples (MKM and GBS) and those of the 

northeastern edge of Gafsa, no significant amount of strontium was detected. Southern 

samples showed a good correlation between SiO2 and Al2O3 with a high correlation 

coefficient (R2 = 0.94) suggesting that the limestone was relatively enriched in free silica with 

regard to aluminum from neighboring continental zones. This is consistent with the shallow 

depositional environment in the Gafsa and Gabes sedimentary basins (Negra, 1994; Mejri et 

al., 2006). Since the limestone of northern Tunisia has been deposited in deep water (Rouvier 

1977, 1985; Mejri et al., 2006), the SiO2 content did not correlate with the Al2O3 content. 

Hence, the high silica content in those samples seems to be derived from biogenic origin or 

from re-sedimentation of the Lower Cretaceous continental deposits. Potassium and iron 

contents are negatively associated with calcium content. Such behavior has been confirmed 

by a previous work (Jordan, 2009). 

3.2. XRD analysis 

Fig. 3 shows the XRD diffractograms of the representative limestone samples, indicating 

the presence of characteristic peaks of calcite as identified by the distinctive reflections at 

3.85-3.86 Å (102), 3.03 Å (100), 2.84 Å (006), 2.49 Å (110), 2.28 Å (113), 2.09 Å (202), 

1.97 Å (108), 1.87 Å (116) and 1.60 Å (212). It was clearly observed that in northern samples 

(SD1 and SD2), the additional peaks prevailing at 3.33-3.34 Å (101), 1.54 Å (211), 1.37 Å 

(203) and 1.28 Å (104) showed the presence of quartz. 

Detailed clay mineralogy was investigated and identified by the characteristic reflections 

according to Brown (1972), Jackson (1973) and Moore and Reynolds (1989). The elimination 

of carbonate after acetic acid treatment enhanced the concentrations of clay minerals and 

quartz, as indicated by XRD patterns (Figs. 4, 5). The clay minerals found in the collected 

samples consisted of small amounts of smectite, illite and kaolinite (Figs. 4, 5). 

Basal spacing at 7.16-7.17 Å (001) and (002) reflection at 3.57 Å were observed in some 

diffractograms (Figs. 4, 5) and confirmed the presence of kaolinite (Hajjaji et al., 2001). 

Especially the MKM sample (Fig. 5e) showed sharp peaks of kaolinite, confirming its good 
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crystalline state (Alam et al., 2008, Mattoussi Kort et al., 2008). In other samples a small 

amount of kaolinite is inferred from the faint peak occurring at 7.15 Å (Fig. 5). The peaks 

remained unchanged on the treatments but were destroyed after heating to 550 °C. 

According to the diffractogram of Fig. 5, an additional doublet at 2.80 Å and 2.69-2.7 Å 

found in ZNC (Fig. 5c) and MKM (Fig. 5e) samples was likely attributable to apatite. Hajjaji 

(2001), Parasad et al. (2006) and Baccour et al. (2008) attributed the peak occurring at 2.69 Å 

to goethite or hematite which is not the case of the present CBD-treated samples. Illite was 

another major clay mineral in all sample collected from the south (ZNC and GBS) as 

indicated by the development of an intense peak at 10.01 Å associated with the subordinate 

peaks at 4.94-4.97 Å (002) and 3.34-3.35 Å (003). 

In addition to the clay minerals, the X-ray diffractogram showed the occurrence of quartz 

and small amounts of feldspar (Figs. 4 and 5). Quartz was the most abundant mineral in all 

samples as identified by the main reflections at 4.25-4.27 Å (100), 3.34-3.35 Å (101) and also 

by a series of reflections at 2.45Å (110), 2.23-2.24 Å (111), 2.12 Å (200), 1.98Å (201), 1.81-

1.82 Å (112), 1.54 Å (211), 1.37 Å (203) and 1.28 Å (104) (Brown, 1972; Jackson, 1973; 

Alam et al., 2008). Minor amounts of feldspar found in all samples are essentially Ca-

feldspar as proved by the basal reflections at 3.16-3.19 Å (202) and 4.02 Å (201). According 

to Alam et al. (2008), the reflection of Ca-feldspar (202) may interfere with the reflection 

(114) of illite as in the present samples. Interference between quartz and illite peaks may also 

occur at 4.25-4.27 Å and 3.34-3.35 Å. Therefore, these two peaks are usually assigned to the 

mixture of quartz and illite (Hajjaji et al., 2001; Alam et al., 2008). In summary, the 

limestone samples collected from the Abiod formation outcropping in Tunisia mainly 

consisted of calcite with intense peaks at 3.85-3.86 Å (102) and 3.03 Å (100). In the clay 

fraction, small amounts of smectite in the majority of southern samples (GBS, CHB, ZNC, 

SND, MKM, AS1 and AS2) in addition to the characteristic reflexions of kaolinite (MKM, 

GBS and SD2) and illite/smectite mixed minerals (CHB) were identified. Samples collected 

from the north (SD1 and SD2) showed the characteristic peaks of quartz at 4.25-4.27 Å (100) 

and 3.34-3.35 Å (101). Jamoussi et al. (2003) studied the relationship between the clay 

mineral distribution and the geodynamic and eustatic events in Tunisia. He stated that during 

marine regressions, the intensification of erosion favored illite, whereas during the 

transgressions in a warm and dry climate, smectite was dominant as in the case of the present 

samples. The dominance of smectite associated with illite and kaolinite revealed the detrital 

heritage of the mineral phase of the Late Cretaceous (Mattoussi Kort et al., 2008). 
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3.3. Thermogravimetric analysis 

In bulk limestone samples, thermogravimetric analysis makes it possible to assess the 

amount of calcium carbonate and therefore the purity of the studied limestone. The first 

derivative of mass change (DTG) and the differential thermal analysis (DTA) were used to 

follow the mass change as the sample was being heated from room temperature to 1000°C in 

air atmosphere. 

As shown in Fig. 6, bulk limestone samples showed a similar decomposition trend. The 

weight loss observed between 680 and 780°C was directly related to the calcium carbonate 

content, which exceeded 79% for the northern sample and 97% for the southern ones. Thiery 

(2007) stated that well-crystallized CaCO3 would decompose between 780 and 990°C. 

However, due to the crystalline defects, calcite becomes thermally less stable and 

decomposes at a lower temperature range, as it was the case for the present Tunisian 

limestone samples. A tiny mass decrease (less than 0.6%) was recorded between ambient 

temperature and 200°C because of the removal of physically bound water (Table 2). The 

oxidation of the prospective organic matter may occur between 200 and 400°C (Pansu and 

Gautheyrou, 2006) with a slight mass decrease (Table 2). In addition, as shown in table 2, the 

dehydroxilation of clay minerals took place between 400 and 600°C (Samet et al., 2007) with 

the associated mass decrease of less than 1.3%.  

The thermal analysis diagrams of the clay fraction are shown in Fig. 6. They show three 

distinctive steps of weight loss. The first endothermic one occurred below 130°C and was due 

to the dehydration of clay minerals. In this temperature range, the weight loss varies from 

0.78 to 1.5%. The second broad endothermic phenomenon occurred near 570°C and 

corresponded to the removal of the OH group of kaolinite. It is noteworthy that this intense 

peak was accompanied by a small endothermic peak at about 350°C that revealed the 

existence of FeOOH (Hajjaji et al., 2001). Furthermore, the thermogram of the CHB sample 

showed an additional characteristic peak at 190°C with weight loss of 1.46% corresponding 

to the removal of strongly bound water. This peak is likely due the presence of mixed layer 

smectite/illite. Hajjaji et al. (2001) found that adsorbed water of swelling clay such as 

montmorillonite and beidellite drives off near 140°C.  
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3.4. Fourier transform infrared spectroscopy 

Infrared techniques have been frequently used for the identification of clay minerals 

(Gadsden, 1975; Al-Degs et al., 2006; Preeti and Singh, 2007) as well as the natural calcite 

minerals (Gunasekaran et al., 2006; Gunasekaran and Anbalagan, 2007). Fig. 8 shows the 

FTIR spectra of the limestone samples from four representative locations. It shows the 

characteristic bands of calcite near 1400, 875, and 711cm-1. The IR peaks appearing at 1793 

and 2508-2512 cm-1 are also an indication of the presence of calcite (Gadsden, 1975; Al-Degs 

et al., 2006; Gunasekaran et al., 2006). These data indicate that the studied limestone is 

mainly composed of calcium in the form of calcite as identified by its main absorption bands 

(Gunasekaran et al., 2006). The reference bands observed at 1400, 875 and 711cm -1 can be 

assigned to the asymmetric stretching (ν3), out-of-plane bending (ν2) and in-plane bending 

(ν4) modes of CO3
2-, respectively (Vagenas et al., 2003; Sun and Wu, 2004). Gunasekaran 

(2007) mentioned that the observed out-of-plane bending mode (ν2) occurs at 877 cm-1 for 
12C. This band shifts to lower wave numbers for other isotopes of Carbon (13C and 14C). 

However, all limestone samples have a splitting band at 873.59 cm-1 (ν2). This clearly 

indicates that there is no isotopic shift. According to the author, the small bands observed at 

1793.47 cm-1 and 2508.94 cm-1 are attributed to the ν1+ν4 combination mode.  

The spectra of SD1 and SD2 samples collected from northern Tunisia showed a strong 

broad band in the low frequency range (1200- 900 cm-1), suggesting the presence of quartz 

(Coates, 2000; Madejova, 2003) together with calcite (Fig. 8a). The maximum absorption 

was recorded at 1095.37 and 1087.66 cm-1 for SD1 and SD2, respectively. Other vibrations at 

1164.79 cm-1 and 1035.59 cm-1 appearing as shoulders are also characteristic of quartz. 

Quartz also gives two other characteristic bands at 800.31 and 781.02 cm-1 (Gadsden, 1975; 

Hajjaji et al., 2001). The band at 470.54 cm-1 is also accompanied by two shoulders bands 

occurring at 520.68 and 428.12 cm-1. These peaks are assigned, respectively, to Si–O–Si, Si–

O–Al bending vibrations (Madejova, 2003) and Si-O-Fe lattice flexing vibrations (Frost et 

al., 2002). The FTIR spectra of GBS (Fig. 8c) and ZNC (Fig. 8d) samples are similar to each 

other with small differences in their asymmetric stretching (ν3) occurring at 1394.28 and 

1417.42 cm-1, respectively. The active vibrations near 2510, 1793.47, 873.596 and 711.604 

cm-1 are the same for both samples (Fig. 8c, d). The CHB sample showed two faint broad 

bands at 1064.51 cm-1 and 985.447 cm-1 attributable to the vibration of quartz (Fig. 8b). 

In the clay fraction (Fig. 9), the removal of carbonate minerals by acid treatment led to the 

elimination of the above-mentioned bands of calcite. The frequency of most remaining bands 
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has slightly changed, indicating that the acid treatment had a negligible effect on the structure 

of silicate materials present. The band near 3648 cm-1 confirmed the presence of a small 

amount of kaolinite (Hajjaji et al., 2001; Madejova, 2003; Felhi et al., 2008). Maravelaki-

Kalaitzaki and Kallithrakas-Kontos (2003) reported that peaks occurring at 3694, 3669 and 

3651 cm−1, as in the present samples, resulted from the outer hydroxyl ions in kaolinite, 

whereas the peak at 3619 cm−1 corresponded to the absorbance of the inner hydroxyl ions. 

Another characteristic band for bending vibrations of adsorbed water usually appears at 

1650–1600 cm-1 as a medium band (Gadsden, 1975). This band was overlapped by the very 

strong absorption band of calcite (at 1428.76 cm-1) in the parent limestone. The stretching 

vibrations of the surface hydroxyl groups (Si–Si–OH or Al–Al–OH) were found at 3544.52 

and 3619.73 cm-1 (Hajjaji et al., 2001; Madejova, 2003). A new band in the spectra occurred 

at 1635.34 cm-1 and is attributable to the bending vibrations of adsorbed water (Fig. 9b, c, d). 

It is obvious that the frequency of most bands slightly shifted to lower wave numbers because 

of the action of acid (Al-Degs et al., 2006). It could be seen that the amount of adsorbed 

water increased in the clay fraction. This could be explained by the increase of surface area. 

The split bands identified at 1455.99 and 1428.99 cm-1 were assigned to the small amount of 

calcite remaining in ZNC and GBS samples after acid treatment (Fig. 9c and d). In the low 

frequency range, CHB, ZNC and GBS samples (Fig. 9b, c, d) had more complicated spectra 

than the SD1 spectrum, showing that the latter contained pure silica vibrating at 1056.8, 

796.457, 779.101 and 694.248 cm-1 (Fig. 9a). 

4. Summary 

Mineralogical and spectroscopic investigations of Upper Cretaceous limestones of the 

Abiod formation, Tunisia, were carried out to assess their main chemical and mineralogical 

characteristics. It was concluded from the comparison of the studied samples that the 

limestone of southern Tunisia contained up to 99.6% calcium carbonate, whereas those of the 

northern area (SD1 and SD2) contained less than 80% calcium carbonate as well as 23% 

silica. Iron and aluminum oxide percentages were higher in the SD1 and SD2 samples than in 

the southern ones. The non-carbonate minerals consisted of smectite, illite, kaolinite, quartz 

and feldspar. Although southern samples have been considered as high purity limestone, they 

showed small amounts of clay composed of different mineral phases with the dominance of 

smectite. Kaolinite, illite and mixed layer minerals of smectite/illite were also observed in 

some samples. The characterization of this material allows some preliminary predictions as 

for its industrial applications. The use of the natural limestone as raw material for the 



16 

manufacture of ceramics may constitute an additional economic advantage (Jordan et al., 

2009, Montero et al., 2009). Since few studies have investigated the use of high purity 

limestone in the cleanup of wastewater (Aziz et al., 2008), carbonates from the present study, 

especially those from northern Tunisia, have the potential to be used as an inexpensive and 

effective medium for wastewater treatment. This important environmental issue should be 

investigated in more detail. Four samples (SD1, CHB, GBS and ZNC) were selected for 

subsequent experiments on the removal of heavy metals from aqueous solutions. Hereafter, 

we use abbreviated names (S, C, G and Z) to refer to SD1, CHB, CBS and ZNC limestone 

samples, respectively.  
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Table 1 Chemical composition of nine limestone samples from Tunisia (% by weight) 
Sample CaCO3 SiO2 Al2O3 Fe2O3 MgO K2O MnO SO3 SrO Cr2O3 TiO2 Total 

SD1 77.572 17.349 2.027 1.792 nd 0.685 0.123 0.106 0.237 0.107 nd 100 

SD2 76.671 16.856 3.003 2.056 nd 0.831 0.117 nd 0.228 nd 0.238 100 

AS1 99.104 0.500 nd nd nd nd nd 0.138 0.258 nd nd 100 

AS2 98.475 0.930 0.251 nd nd nd nd 0.115 0.229 nd nd 100 

CHB 97.555 1.802 0.289 0.104 nd nd nd 0.068 0.183 nd nd 100 

SND 97.288 1.071 0.177 0.110 0.613 0.545 nd 0.196 nd nd nd 100 

ZNC 99.609 0.391 nd nd nd nd nd nd nd nd nd 100 

MKM 99.266 0.512 0.163 nd 0.058 nd nd nd nd nd nd 100 

GBS 99.497 0.336 0.094 nd nd nd nd 0.075 nd nd nd 100 

nd: not detected. Samples names are detailed in Fig. 2.  
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Table 2 TG weight loss of limestone and clay fraction 
 

Samples names are detailed in Fig. 2.  

Sample 
Bulk Limestone Clay fraction 

Total loss 
(%) 

Temperature 
range (°C)

Mass 
loss (%)

Total loss 
(%)

Temperature 
range (°C)

Mass 
loss (%) 

SD1 37.332 40-200 0.551 4.335 45-105 0.776 
 200-400 0.251 250-360 0.680 
 400-600 1.060 400-600 1.782 

  600-800 35.459    
SD2 36.881 42-200 0.491 4.916 45-105 0.952 

 200-400 0.155 200-400 1.085 
 400-600 1.269 400-600 2.368 

  600-800 34.962    
CHB 43.143 41-200 0.311 13.780 40-120 6.010 

 200-400 0.093 160-230 1.465 
 400-600 0.280 350-520 2.922 

  600-800 42.469    
ZNC 43.314 43-200 0.242 12.942 42-160 6.006 
  200-400 0.101  250-600 4.425 
  400-600 0.102    
  600-800 42.879    
ASLJ1 43.491 41-200 0.251 10.931 43-105 3.585 

 200-400 0.112 230-550 5.488 
  400-600 0.238    
  600-800 42.90    
ASLJ2 43.830 35-200 0.360 12.439 44-105 5.980 

 400-600 0.288 240-580 4.441 
 600-800 43.192 830-930 0.551 

SND 44.322 39-200 0.314 8.972 46-105 2.564 
 200-400 0.052 220-370 1.854 
 400-600 0.211 380-610 3.053 

  600-800 43.749    
MKM 44.140 36-200 0.241 10.471 41-130 4.831 

 200-400 0.014 400-570 2.764 
 400-600 0.112 800-950 1.043 

  600-800 43.767    
GBS 43.804 35-200 0.160 14.550 37-130 7.458 

 600-800 43.644 400-600 3.780 
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Fig. 1. Cross section of the Abiod formation. This was prepared according to the 

modification of Burollet (1956), Negra (1994) and Mejri et al. (2006) 
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Fig. 2. Distribution of the Upper Cretaceous formation (shaded part; modified after Ben 
Hadj et al. 1985) and locations of limestone samples (star). Two samples (SD1 and SD2) 

are from the area around Bizerte; five samples (ZNC, SND, AS1 and AS2, and CHB) 
are from the northeastern area of Gafsa, and two samples (MKM and GBS) are from 

western area of Gabes 
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Fig. 3. X-ray diffractograms of the representative limestone powder samples (C calcite 

and Q quartz) 

 

 
Fig. 4. X-ray diffractograms of representative randomly oriented clay fractions (I illite, 

K kaolinite, Q quartz, F feldspar, A apatite, S smectite; spacing is in angstrom) 
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Fig. 5. X-ray diffractograms of oriented clay fractions (I illite, K kaolinite, Q quartz, F 
feldspar, A apatite, S smectite; spacing is in angstrom. a SD1, b CHB, c ZNC, d GBS 

and e MKM)  
  



Fig. 6. Thermal curves of the limestone samples. SD1 (a), CHB (b), GBS (c) and ZNC 
(d) 

DTA: differential thermal analysis 
TG: thermogravimetry 

 
 

 

 
Fig. 7. Thermal curves of clay fraction samples. SD1 (a), CHB (b), GBS (c) and ZNC (d)

(c) (d) 
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Fig. 8. FTIR spectra of bulk limestone samples. SD1 (a), CHB (b), GBS (c) and ZNC (d)
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Fig. 9. FTIR spectra of clay fraction samples. SD1 (a), CHB (b), ZNC (c) and GBS (d)
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Chapter 3 Effects of impurities on the removal of heavy metals by natural 

limestones in aqueous systems 

1. Introduction  

Elevated concentrations of heavy metals in the environment can originate from a variety of 

industrial processes, including metal plating, fertilizer production, mining, metallurgy, battery 

manufacturing and textile dyeing, among others (Barhoumi et al., 2009; Messaoudi et al., 

2009; Eloussaief and Benzina, 2010). The fate of metals, once they’ve entered an aquatic 

system, can be variable, depending upon their initial form and the chemical and physical 

characteristics of the receiving water body. Metals may be in solution as free ions, soluble 

salts, associated ions with dissolved inorganic or organic ligands, or bound to particulate 

matter. Remediation of metal-contaminated media is a time-consuming and expensive 

process. Among some of the more common methods used for metal reduction are chemical 

precipitation (Sampaio et al., 2009), ion-exchange (Gode and Pehlivan, 2003) and 

phytoextraction (Wei et al., 2008), all of which have been shown to effectively remove 

metals ions from aqueous solutions.  

Removal of toxic metals by natural limestones has been investigated by multiple 

researchers (Aziz et al., 2001; Sanchez and Ayuso, 2002; Godelitsas et al., 2003; Prieto et al., 

2003; Komnitsas et al., 2004; Cave and Talens-Alesson, 2005; Rouff et al., 2006, Aziz et al., 

2008). These studies have found that limestone may be an effective natural geological 

material for the treatment of water contaminated with heavy metals. However, the reported 

metal-removal efficiency of limestone is lower than expected or desired for intensive 

remediation operations, particularly with regard to the fundamental factors that affect 

sorption processes. To our knowledge, no attempt has been made to assess the effects of 

impurities in limestones on the removal of heavy metals from aqueous solution (Fu and Qi 

2011). In this regard, the present study has been undertaken to (1) examine the effects of 

impurities in limestone on its capacity to retain several selected heavy metals, (2) determine 

the effect of contact time, pH, limestone concentration and temperature on their sorption 

efficiency, (3) determine the mechanisms involved in the removal process and (4) discuss the 

feasibility of using natural limestones in wastewater cleanup.  

2. Materials and methods 

0.1. Limestone samples 

Four limestone samples (S, C, G and Z) of the Campanian-Maastrichtian Abiod formation 
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were collected from various locations in Tunisia (Sdiri et al., 2010). The samples were 

obtained from the limestone outcroppings in the areas of Bizerte (north, S sample), Gafsa 

(south, C and Z samples) and Gabes (south, G sample) where the geological particularities of 

the material allow its use in a wide range of industrial and environmental applications 

(Bouaziz et al., 2007; Aloui and Chaabani, 2007). The collected limestone blocks were 

crushed and sieved; a grain size of less than 210 µm was used in the batch sorption studies.  

0.2. Chemical reagents 

All of the chemical reagents were of analytical grade supplied by Wako Pure Chemical 

Industries, Ltd. (Japan). Ultrapure water, produced with a Milli-Q system (Millipore Corp., 

France), was used throughout the experiments. Stock solutions of copper, cadmium, lead and 

zinc (1000 mg/L) were prepared by dissolving 268.26 mg of CuCl2·2H2O, 203.17 mg of 

CdCl2·2.5H2O, 134.23 mg of PbCl2 and 208.44 mg of ZnCl2 in 100 mL of hydrochloric acid 

(0.1 mol/L). Working standards were prepared by the dilution of the stock solution with 

Milli-Q water. Solutions of 0.1 M HCl and 0.1M NaOH were used for pH adjustment. 

0.3. Physicochemical characterization of limestone samples 

Chemical composition of the limestone was determined by subjecting the pressed 

limestone samples to an electron microprobe equipped with an X-ray dispersive spectrometer 

(JXA8621 Superprobe; JEOL, Japan). Mineralogical analysis was conducted on powder 

samples with an X-ray diffractometer (RAD-X; Rigaku Intl. Corp., Japan) using Cukα 

radiation (40 kV, 25 mA) between 2 and 75°. Infrared spectra of the powdered limestone 

samples were also obtained using an FT-IR spectrophotometer (FT-720; Horiba Ltd., Japan) 

over a range of 4000–650 cm-1 at room temperature. The specific surface areas, pore volume 

and pore size distribution of the <210 µm samples were determined using the N2-sorption 

method (SA 3100, Beckman Coulter, USA). 

0.4. Batch sorption  

Batch sorption, a technique commonly used to obtain data on the removal efficiency of a 

given adsorbent under static conditions, was selected as an appropriate technique in the 

current study.  Method parameters, as described below, were varied in order to quantitatively 

evaluate their effects on metal sorption. A known amount of limestone from the <210 µm 

samples (S, C, G and Z) was placed in a polypropylene tube containing a metal ion solution 

of known concentration and pH. The tubes were shaken at 200 rpm at 25°C for 60 min to 

reach equilibrium, unless otherwise specified by the study design (i.e., to examine the effects 
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of contact time or temperature, as discussed in the following text). After shaking, 10 mL of 

supernatant were withdrawn and filtered through a 0.2 µm syringe-driven filter (Millex-LG, 

PTFE, Millipore Corp., Ireland). To investigate the effect of contact time, a set of samples 

were prepared as described above, but then shaken for 5, 10, 15, 30, 60 and 120 min. The 

initial metal concentration, 10 mg/L, was the same in all of the contact-time experiments, as 

were the temperature (25°C), limestone concentration (5 g/L) and metal solution pH (3). 

The influence of limestone concentration on the sorption of metals was studied by varying 

the amount of limestone in a given volume of metal ion solution. The concentrations tested 

were 1 g/L, 3 g/L and 5 g/L. To study the effect of pH, the initial pH of the solution was 

adjusted to 3, 4, 5 or 6. The contact time in the pH experiments was fixed at 60 min and the 

shaking rate was 200 rpm; metal concentrations were held at 10 mg/L. Temperature effects 

were evaluated by conducting this method at 25°C, 30°C and 35°C, while maintaining the 

initial pH at 3, contact time at 60 min and limestone concentration at 5 g/L. 

The pH of the solution was measured with a TOA-DKK HM-30R pH-meter (TOA- DKK 

Corp., Japan) provided with an integrated thermal probe for temperature adjustment. After 

the reaction, the sample solutions were stored at 4°C until analysis for Pb(II), Cd(II), Cu(II) 

and Zn(II) with an Optima 7300 DV (PerkinElmer Inc., Japan). The amount of a metal 

removed from the solution was calculated as the difference between initial and final 

concentrations. All experiments were run in triplicate. 

3. Results and discussion 
0.1. Characterization of limestone samples 

0.1.1. Chemical composition by XRF 

The limestone samples collected in the southern area (C, G and Z samples) were 

characterized by their higher purity (Table 3). In contrast, the northern S sample was less 

pure than the others, exhibiting an elevated concentration of SiO2, reaching 16.856%, with 

minor amounts of iron and aluminum oxides (Table 3).  

0.1.2. Specific surface area and pore size distribution 

The specific surface areas of the powdered limestone (less than 210 µm) were 6.25 m2/g, 

3.30 m2/g, 0.96 m2/g and 1.03 m2/g for the S, C, G and Z samples, respectively. The S, C and 

G samples had a mesoporous structure with a predominant average pore diameter ranging 

from 20 to 80 nm (Fig. 10b). Interestingly, diameter of the pores in the Z sample was outside 

of the 3-200 nm range. S and C samples had a greater number of mesopores in the lower 
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diameter (< 20 nm) range (Fig. 10a), resulting in an increase in their specific surface areas 

compared with other samples. S and C samples had a total pore volume of 0.012 mL/g and 

0.003 mL/g, respectively. Pores in the G limestone sample were more concentrated between 

20 and 80 nm, representing 73.47% of the total pore volume; there were no mesopores 

between 3 and 20 nm. 

0.1.3. XRD analysis 

XRD patterns of the limestone samples revealed the presence of characteristic peaks of 

calcite (Sdiri et al., 2010). In the northern S sample, the additional peak prevailing at 3.34 Å 

indicated the presence of quartz (Moore and Reynolds, 1989).  

0.1.4. Fourier transform infrared spectroscopy 

FTIR spectra revealed the characteristic bands of calcite near 1400, 875 and 711 cm-1. The 

spectrum of the S sample collected from northern Tunisia showed a broad band in the low 

frequency range (1200 - 900 cm-1), suggesting the presence of silica combined with calcite 

(Madejova et al., 2002; Madejova, 2003). The maximum absorption recorded at 1095.37 cm-1 

was attributed to the asymmetric stretching of Si-O. The spectrum of the C sample also 

showed two faint bands at 1064.51 cm-1 and 985.447 cm-1, attributable to the vibration of Si-

O. Since lower purity of the S and C samples was mainly ascribed to the silica content (Table 

1), it is plausible that these two samples would show more available sites for binding of metal 

cations due to the presence of a surface silanol group (Si-OH). Moreover, a band near 3648 

cm-1 confirmed the presence of a small amount of kaolinite in the S and C samples (Hajjaji et 

al., 2001; Madejova, 2003). In addition to kaolinite, the C and G samples may also contain 

smectite, illite and a mixed layer smectite/illite (Sdiri et al., 2010). The clay mineral 

association may also effectively enhance the adsorptive capacities of the C and G samples 

compared with the purest Z limestone. Even though there is a small amount of kaolinite in the 

S sample, its adsorptive capacity was probably not significantly increased due to the high 

amount of silica. 

0.2. Sorption experiments of heavy metals by a batch method 

0.2.1. Effect of contact time 

The kinetic characteristics of the selected metal cations were studied by varying the 

contact time between 5 and 120 min. The removal process was clearly time-dependent (Fig. 

11). Most of the removal of metal ions occurred within 30 to 60 min, except for zinc. 
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Removal of metals increases with additional contact time, but to a much lower extent (Chaari 

et al., 2008). Based on the kinetic results, a contact time of 60 min is sufficient for the 

reaction to attain equilibrium. Karageorgiou et al. (2007) found that the dissolution of calcite 

in water is rapid, which agrees with the present results. Calcite dissolution at low pH 

constitutes the first step for heavy metal sorption, probably forming a carbonate complex with 

natural limestone (Sanchez and Ayuso, 2002; Davis et al., 2006; Karageorgiou et al., 2007).  

The data also showed that the sorption of lead ions onto limestone was very fast compared 

with other ions (Fig. 11a). Godelitsas et al. (2003) reported that, in batch experiments to 

evaluate the removal of Pb(II) by calcite from aqueous solutions, 10 mg/L of Pb(II) were 

removed within 1 min; our data corroborate those results. The Pb removal process, therefore, 

is predominantly governed by the precipitation of lead carbonate (PbCO3). The lower 

precipitation pH of PbCO3 (pH 5.3) and the solubility product constant (Ksp= 7.4×10−14 at 

25ºC) would explain this phenomenon. Above pH 5.3, solid phase PbCO3 should form, 

leading to a high sorption capacity, since the equilibrium pH increased to 7.7 after the 

addition of limestone. Several previous studies confirmed that carbonate precipitation was 

especially effective for the removal of Pb(II) (Godelitsas et al., 2003; Rouff et al., 2006). 

Based on this information, subsequent experiments focused only on Cd, Cu and Zn sorption.  

While the theoretical precipitation of CdCO3 (Ksp= 1×10−12 at 25ºC) begins at pH 8.5, an 

initial chemisorption step may also serve as a removal mechanism (Pickering, 1983). Our 

results clearly showed that higher removal efficiency from the lower grade limestone samples 

(S and C) (Fig. 11b), was probably related to their higher specific surface area, combined 

with elevated concentrations of silica and other impurities, as indicated earlier in this paper. 

To get more insights on the removal mechanisms, the dissolved calcium during the present 

sorption study was measured and compared in the case of Pb(II) and Cd(II) removal by 

limestone. It was confirmed that the presence of Pb(II) favored calcite dissolution, while 

cadmium inhibited calcium carbonate dissolution to some extent. Calcium concentration 

exceeded 40 mg/L in the case of lead removal, but less than 25 mg/L during the removal of 

cadmium regardless of limestone sample. Similar findings were reported by Alkattan et al. 

(2002), Martin-Garin et al. (2003) and Cubillas et al. (2005) when studying the effect of 

metal sorption on calcite dissolution. Although it has been reported that, of the metal cations 

that have been studied, cadmium most easily replaces Ca(II), due to the similarity of their 

ionic radii (Sanchez and Ayuso, 2002; Al-Degs et al., 2006), it was observed that the 

exchange mechanism for cadmium operates at a slower rate. The final percent removal of 

Cd(II) after shaking for 60 min was 95.34%, 59.01%, 28.13% and 14.57% in the S, C, G and 
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Z samples, respectively (Fig. 11b). The efficiency of copper removal (Fig. 11c) after 60 min 

varied from 37.68% to 91%, indicating that pure limestone, like Z sample, had a higher 

affinity for copper than for cadmium. However, the lower purity limestone (S sample) 

removed somewhat less copper than cadmium. Nevertheless, the data obtained may further 

confirm that the Tunisian limestones studied here had a higher affinity for copper, relative to 

cadmium. 

Only about 7% removal of zinc was achieved by the highest purity Z sample, while 

removals by C, G and S samples were comparable at 73%, 77% and 73% after 60min, 

respectively (Fig. 11d). Pickering (1983) and Sanchez and Ayuso (2002) reported that the 

sites for Zn exchange are <10% of all available sites. While this explains the lower removal 

efficiency of the S sample, it somewhat contradicts the higher removal observed in the G and 

C limestone samples (Fig. 11d). In addition, Zn(II) was removed faster by the S sample than 

any of the others, confirming the significant role of chemisorption as a removal mechanism 

for zinc, as well as for cadmium and copper. In the G and C samples, Zn(II) binding was 

lower at the beginning of the experiment, probably because of the surface interaction 

(physisorption) rather than chemisorption. However, the difference in removal rates between 

the S and other limestone samples gradually diminished with contact time and the effects of 

both mechanisms (chemisorption and physisorption) was completely masked after 60 min 

(Fig. 11d), suggesting that 60 min was adequate to reach equilibrium. Previous studies have 

indicated that longer equilibration time is indicative of physical adsorption, while shorter 

contact time favors chemisorption (Sanchez and Ayuso, 2002; Aziz et al., 2008). 

0.3. Sorption kinetics 

0.3.1. Kinetic parameters 

The effect of equilibration time on the sorption of cadmium, copper and zinc was 

analyzed kinetically over a range of 5-120 min (Tables 4 and 5). In this analysis the reaction 

was stimulated by shaking with limestone samples at 200 rpm at 25°C for 60 min to reach 

equilibrium with the initial metal solution of pH3. The pseudo-second order kinetic model 

was used to describe the sorption of metal ions (Soliman et al., 2011). The differential 

equation for the reaction is expressed as: 

( )2
2 te

t qqk
dt

dq
−= (1) 

where qe and qt are the adsorbed quantity (mg/g) at equilibrium and at time t, respectively. k2 

is the pseudo-second order rate constant (g/mg min). Both constants, k2 and qe, were 
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calculated from the intercept and slope of the linear plot t/qt against t. The calculated and 

measured amounts of sorbed solute at equilibrium suggested that the process of Cd(II), Cu(II) 

and Zn(II) removal by limestone better fit the pseudo-second order kinetic model than the 

pseudo-first order model, with the exception of cadmium removal in the G sample which 

seemed to follow pseudo-first order kinetics (Table 4). The pseudo-second order kinetic 

model, has also been applied to the sorption of Co(II) ions from aqueous solutions by 

synthetic hydroxyapatite (Smičiklas et al., 2006). In a comparison of k2 among the four 

limestone samples in the current study, the highest value was found for the Z sample for 

cadmium and zinc, but not copper, which produced the highest constant value in the S sample. 

0.3.2. Intra-particle diffusion model 

Metal ion diffusion in the solution was examined in order to evaluate the extent of the 

rate-limiting step. Wankasi et al. (2005) reported that there are several consecutive steps in 

the metal retention process, including sorption to external surfaces and intra-particle diffusion 

along the pore walls, as well as a combination of these processes that may be a rate-

controlling factor. Several methods are available for evaluating the rate-limiting step of a 

retention process. We selected the model of Weber and Morris (1963) to assess whether the 

retention process was controlled by pore diffusion (Wankasi et al., 2005; Al-Degs et al., 

2006; Chen et al., 2010). The intra-particle diffusion equation is described as 
2/1tKq it ×= (2) 

where qt is the sorbed quantity (mg/g) at time t (min) and Ki (mg/g min1/2) is the intra-particle 

diffusion rate constant. The plot of qt versus t1/2 demonstrated that two types of mechanisms 

are operating in metal removal (Fig. 12). Due to variable sorption over the reaction period, 

two straight lines with different slopes could be described (stages 1 and 2). The initial rapid 

uptake can be attributed to boundary layer effects (stage 1). After the external surface loading 

was completed, intra-particle diffusion predominates at a comparable rate (stage 2). The 

second linear part of the plot, between 60 and 120 min (Fig. 12), corresponds to the 

transportation of metal cations by diffusion within limestone particles. The calculated rate 

constants for intra-particle diffusion K1 and K2 obtained for the present samples ranged from 

3×10−3 to 179×10−3 mg/g min1/2 and from 3×10−3 to 207×10−3 mg/g min1/2, respectively 

(Table 5). The northern S sample showed higher K1 values for all of the studied metals, 

confirming the importance of surface interaction due to the presence of impurities. In most 

cases, K1 was greater than K2, but the reverse was observed for cadmium removal by G and 

zinc removal by the C and G samples, which demonstrates that ion diffusion within limestone 
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particles was dominant in these samples. However, the plot also indicated that intra-particle 

diffusion may not be the only rate-controlling step because it did not pass through the origin 

(Fig. 12). These observations further suggest that, in the case of Cu(II) and Cd(II) (Figs. 12a 

and 12b), the predominant interactive process is chemisorption, together with a considerable 

contribution of physisorption as secondary effective rate-controlling process (Wankasi et al., 

2005; Chen et al., 2010). Moreover, the slower removal process of Zn(II) compared with that 

of Cd(II) and Cu(II) may indicate the importance of external diffusion during Zn(II)sorption 

(Fig. 12c). 

0.4. Effect of pH 

In this experiment, limestone samples of ≤210 µm were suspended in 20 mL of solution 

containing 10 mg/L of each metal. The initial solution pH was adjusted to 3, 4, 5 or 6 to 

prevent metals from precipitation as metal hydroxide and maintain their cationic species. It is 

also to be mentioned that the copper hydroxide precipitates at the lowest pH of 6.07 among 

heavy metals studied, as calculated from copper concentration and solubility product (Ksp = 

2.2 10-20). For this reason, this experiment was performed in acidic range. In addition, 

limestone is commonly used as a medium for the treatment of acid mine drainage that has a 

low pH, usually from 3 to 5. Solution pH was measured at both the beginning and end of the 

experiments. The pH of the added solution increased substantially after shaking. The final pH 

in all tests was circum-neutral (7.5 ±0.2), irrespective of the initial value, suggesting the 

buffering capacity of the carbonate in the solution as a cause of the relatively consistent final 

pH. Aziz et al. (2008) reported that high quality limestone elevated the pH above 8 due to the 

carbonate load, which stimulated metal hydroxide or carbonate precipitation.  

A pH increase from 3 to 4 in the metal solutions resulted in an increase in percent removal 

in nearly all situations, especially for Zn(II) (Fig. 13c). Improved metal removal with a higher 

pH is related to a decrease in competition at the binding surfaces between protons (H+) and 

positively charged metal ions, and by the decrease in positive charge of the binding surface 

which results in a lower repulsion of the adsorbing metal ion. The obvious exception to the 

pH-adsorption trend was observed in the tests with copper where the Z sample removed more 

copper at pH 3 than at the other pH values (Fig. 13b). This result is likely due to easier 

dissolution of calcite in acidic conditions, which favors metal removal. Except for copper in 

the Z sample, percent removal reached a plateau over a pH range of 4 to 6. Removal 

efficiency of the four limestone samples, although changing in magnitude with the pH 

increase, remained relatively the same for cadmium and copper, though not for zinc, 



34 

especially for Z sample.  

The carbonate concentration, calculated from the solubility product of calcite Ksp=10-8.42 

at 25°C (Hites, 2007), is 6.17×10-5 mol/L. Precipitation as metal carbonate (MCO3) occurs 

when the concentration product ([M2+][ CO3
2-]) is higher than the corresponding Ksp. The 

concentration product of CdCO3, CuCO3 and ZnCO3 are 5.49×10-9, 9.69×10-9 and 9.44×10-9, 

respectively; that are higher than the corresponding solubility products. At pH of more than 6, 

the precipitation of copper and zinc as metal hydroxide is expected.  

0.5. Effect of limestone concentration 

Removal of the selected metals increased as the limestone concentration rose; sorption 

was roughly constant when the limestone concentration was ≥3 g/L for the G and S samples 

(Fig. 14). A greater concentration of the sorbent (limestone) means more surface area and 

more active sites, thus facilitating diffusion of metal ions to the sorption sites. In particular, 

the removal of Cd(II) and Cu(II) sharply increased with the addition of limestone. Concurrent 

changes in cadmium removal with increased limestone were 25.93 to 95.34%, 15.39 to 59%, 

2.54 to 31.46% and 6.29 to 14.57% for the S, C, G and Z samples, respectively. The higher 

removal efficiency achieved with copper can be attributed to the higher affinity of 

bicarbonate ions to this metal when compared to Ca(II) (Fig. 14b). Sorption of Zn(II) was also 

significantly influenced by the amount of limestone (p < 0.05), although the change was not 

monotonically increasing. At 3 g/L of limestone, the removal efficiencies of C and Z samples 

were higher than at either 1 g/L or 5 g/L (Fig. 14c). A peak removal at an intermediate 

limestone concentration emphasizes the importance of the relative limestone concentration 

and the released Ca(II) ions when sorption begins by dissolution of calcite (Aziz et al., 2001; 

Alkattan et al., 2002; Sanchez and Ayuso, 2002). For all metals, a mass of 1 g/L represented 

an under–saturated solution with regard to Ca(II), leading to a higher capacity of metals to 

bind to the free bicarbonate ions. While sorption of metal ions improves up to a certain point 

(3 g/L), any further increases lead to a decrease in metal sorption because of the competition 

with calcium ions (Martins et al., 2004). This interaction explains reduced removal of Zn(II) 

by C and Z samples at 5 g/L limestone powder (Fig. 14c). 

0.6. Effect of temperature 

The experimental results obtained for each metal at three different temperatures (25°C, 

30°C and 35°C) are shown in Fig. 15. Cadmium removal increased from 95.34 to 99.02%, 

from 59.01 to 73.83%, from 31.46 to 55.29% and from 14.56 to 18.94% for S, C, G and Z 
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limestone samples, respectively, when temperature increased from 25 to 35°C (Fig. 15a). 

This improvement in removal may be due to the effect of temperature in dissolving more 

calcite and releasing more bicarbonate ions into solution, thus enhancing the reaction 

between HCO3
- and Cd(II), leading to the precipitation of otavite (CdCO3). The endothermic 

nature of the sorption onto calcite is expected from a thermodynamic standpoint. In contrast, 

Zn(II) may show a great affinity for the sorption sites at low Ca(II) concentrations (Sanchez 

and Ayuso, 2002; Martins et al., 2004). However, this was not the case in the present study, 

which confirmed improved Zn(II) removal when the temperature increased under higher 

Ca2+or HCO3
- concentrations (Fig. 15c). Several studies have suggested that Zn(II) sorption 

onto calcite occurs through the formation of smithsonite (ZnCO3) (Sanchez and Ayuso, 2002; 

Al-Degs et al., 2006; Aziz et al., 2008). 

More than 90% of the Cu(II) ions were removed from the solution by the low grade 

limestone S sample, regardless of temperature (Fig. 15b). The positive impacts of 

temperature on Cu(II) removal (as with Cd(II)) were clearly evident in the C and G samples. 

As with the S sample, the effect of temperature on the Z sample was only slight, although 

overall Cu(II) removal efficiency of the Z sample remained much lower than the S sample. 

This is also true for Zn(II), although removal did jump from less than 7% to more than 37% 

in the Z sample, due primarily to the higher dissolution of calcite at higher temperatures. 

0.7. Comparison to other studies 

Based on current data and published research, the amount (%) of heavy metals removed by 

limestone originating from several different locations is highly variable (Table 6). Sanchez 

and Ayuso (2002) and Prieto et al. (2003) state that removal equilibrium was attained after 6 

h and 10 h, respectively, while Aziz et al. (2001), Wu et al. (2003) and Aziz et al. (2008) 

found that a much shorter contact time of 60 min was adequate for effective removal of 

metals. Regarding pH, Rouff et al. (2006) reported that a pH change from 7.3 to 8.2 increased 

the amount of lead removed from solution from 14% to 45%. Increasing the limestone 

concentration in the test solution improved removal efficiency in all studies. In the current 

study, C and G samples demonstrated a substantial improvement in removal of metals when 

limestone concentration rose. When the limestone concentration increased from 1 g/L to 5 

g/L, cadmium removal jumped from 8 to 70% and copper removal also rose, although less 

dramatically, from 25 to 30%. It was clear from the study data that removal efficiency was 

dependent upon the physicochemical characteristics of the individual limestone samples: The 

percentage enhancements were 49.2%, 52.5%, 69.4% and 8.3% for cadmium, and 24.8%, 
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27.7%, 28% and 29.8% for copper removal by C, G, S and Z samples, respectively. The 

greatest improvement in removal occurred for zinc in the C and G samples, where the percent 

removal more than doubled between 1 and 3 g/L. Removal then decreased somewhat for the 

C sample and rose only slightly for the G sample at a limestone concentration of 5 g/L, 

suggesting that 3 g/L may be an optimal, or near-optimal, limestone concentration for 

effective treatment. All these results indicate much higher removal efficiency for the Tunisian 

limestones than was shown by Wu et al. (2003), who studied the effects of pure limestone 

concentration and temperature on the removal of cadmium, copper and zinc. They concluded 

that increasing the amount of limestone from 5 to 20 g/L enhanced the removal of cadmium, 

copper and zinc from 15.3% to 50.5%, 49.5% to 90% and 20% to 45%, respectively. These 

efficiencies are lower than those measured in the present study. Wu et al. (2003) also found 

that a change in the temperature from 20°C to 50°C led to an average removal increase of 

19.9%, 10.3% and 10.4% for Cu(II), Cd(II) and Zn(II), respectively. The effect of increasing 

temperature on removal efficiency in our study was more substantial than was reported by 

Wu et al. (2003). Among the studied sorption parameters, the mass of limestone was the most 

influencing factor. We also found that the Campanian-Maastrichtian limestones from Tunisia 

exhibited comparable or even greater removal efficiency than was reported by Wu et al. 

(2003), Prieto et al. (2003) and Aziz et al. (2008).  

4. Summary  

Data from the current study showed that Tunisian natural limestones were highly efficient 

in the removal of heavy metals (Pb, Cd, Cu and Zn) from an aqueous solution. Chemisorption 

and precipitation were the main processes that influenced removal rates. Limestone from 

northern Tunisia, containing higher concentrations of impurities such as silica, iron and 

aluminum oxides, showed much better removal efficiency than the limestones of the southern 

area. It is therefore recommended as an efficient adsorbent for the removal of selected heavy 

metals from wastewaters. Although southern samples are generally considered high purity 

limestone, they did contain different amounts of clay minerals which influenced adsorptive 

capacities. For all the studied metals, more than 75% removal efficiency was achieved with a 

low grade limestone sample from the 10 mg/L solution. Kinetic data demonstrated a high 

degree of fitness to the pseudo-second order and intra-particle diffusion models. The 

comparative results from the current, and previous, studies suggest that Campanian-

Maastrichtian limestones from Tunisia are a promising natural resource that can be 

effectively used to remove toxic heavy metals from wastewater.  
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Table 3 Chemical composition and clay contents of limestone samples (% by weight)  

Sample 
(location) CaCO3 SiO2 Al2O3 Fe2O3 K2O MnO SO3 SrO TiO2Clay Species 

S (Bizerte) 76.671 16.856 3.003 2.056 0.831 0.117 nd 0.228 0.238 0.1 Kaolinite
C (Gafsa) 97.555 1.801 0.289 0.104 nd nd 0.068 0.183 nd 2.7Smectite/Illite
G (Gabes) 99.495 0.336 0.094 nd nd nd 0.075 nd nd 0.8 Smectite
Z (Gafsa) 99.609 0.391 nd nd nd nd nd nd nd 0.2 Smectite

nd: not detected 
 
 
 
 
 
 
 
 
Table 4 Pseudo first and second order kinetic parameters for the sorption of Cd(II), 

Cu(II) and Zn(II) onto limestone 

Metal Sample Measured 
qe,exp(mg/g) 

Pseudo-first-order  Pseudo-second-order 
 qe, cal(mg/g) k1(min-1) R2  qe, cal(mg/g) k2 (g/mg min) R2 

Cadmium 

C 1.180 0.739 0.026 0.992  1.424 0.075 0.997 
G 0.629 0.714 0.223 0.973  0.996 0.031 0.957 
S 1.907 0.812 0.051 0.995  2.002 0.143 1.000 
Z 0.291 0.147 0.016 0.961  0.360 0.327 0.990 

Copper 

C 1.468 0.184 0.015 0.265  1.513 0.532 1.000 
G 0.822 0.207 0.036 0.794  0.938 0.341 0.996 
S 1.820 0.046 0.014 0.564  1.845 1.655 1.000 
Z 0.754 0.142 0.044 0.576  0.784 0.631 0.999 

Zinc 

C 1.470 1.605 0.037 0.867  1.981 0.020 0.988 
G 1.559 1.923 0.039 0.973  2.281 0.012 0.983 
S 1.462 0.533 0.020 0.940  1.671 0.123 0.997 
Z 0.131 0.073 0.023 0.898  0.157 0.730 0.995 
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Table 5 Intra-particle diffusion model parameters for Cd(II), Cu(II) and Zn(II) onto 
limestone 

Metal  Sample  Stage 1  Stage 2 

  
K1×10−3 

(mg/g min1/2) C1 R2  K2×10−3

(mg/g min1/2) C2 R2 

Cadmium 

C 136 0.343 0.987  60 0.699 0.989 
G 57 0.071 1.000  75 -0.002 0.963 
S 207 0.807 0.991  33 1.601 0.822 
Z 3 0.229 0.998  3 0.159 1.000 

Copper 

C 111 0.983 0.943  7.480 1.420 0.947 
G 51 0.577 0.536  9.881 0.801 0.245 
S 19 1.740 0.813  4.442 1.790 0.830 
Z 179 0.983 0.974  3.570 1.370 0.890 

Zinc 

C 143 0.102 0.986  207 -0.127 1.000 
G 164 -0.040 1.000  249 -0.378 1.000 
S 90 0.898 9.990  3 1.130 0.982 
Z 17 0.038 0.623  7 0.076 0.994 
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Table 6 Test parameters and results of the current and previous removal efficiency studies with limestone  

Location of limestone Ion 
Initial 

concentration  
(mg/L) 

pH Amount of 
limestone 

(g/L) 

Temperature  
(°C) Removal  

(%) Source 

Penang, Malaysia Cu 5 7 14, 28, 56 25 90 Aziz et al. (2001) 
Huangshi, china Cd 9  - 5, 10, 20 20, 50 22-70 Wu et al. (2003) 

 Cu 2 - 5, 10, 20 20, 50 49.5-100
 Zn 10 - 5, 10, 20 20, 50 24-60  

Oviedo, Spain Cd 56 6.5 20 25 87.8 Prieto et al. (2003) 

Chihuahua, Mexico Pb 100 4.85 10 25 90 Godelitsas et al. 
(2003) 

New York, US Pb 0.2 7.3, 8.2, 
9.4

0.5 22 14-45 Rouff et al. (2006) 

Ipoh, Malaysia Cd 2 7 14, 28, 56 25 94-97 Aziz et al. (2008) 
 Cu 2 7 14, 28, 56 25 96-98  
 Zn 2  7 14, 28, 56 25 85-90  

Bizerte, Tunisia (S sample) Cd 10 3-6 1, 3, 5 25, 30, 35 25.9-99.0 Present study 
 Cu 10 3-6 1, 3, 5 25, 30, 35 62.4-94.3  
 Zn 10 3-6 1, 3, 5 25, 30, 35 63.0-86.8  

Gafsa, Tunisia (C sample) Cd 10 3-6 1, 3, 5 25, 30, 35 9.8-73.8  
 Cu 10 3-6 1, 3, 5 25, 30, 35 48.6-84.1  
 Zn 10 3-6 1, 3, 5 25, 30, 35 30.7-88.2  

Gabes, Tunisia (G sample) Cd 10 3-6 1, 3, 5 25, 30, 35 2.5-55.3  
 Cu 10 3-6 1, 3, 5 25, 30, 35 21.4-70.4  
 Zn 10 3-6 1, 3, 5 25, 30, 35 25.3-88.6  

Gafsa, Tunisia (Z sample) Cd 10 3-6 1, 3, 5 25, 30, 35 6.3-19.0  
 Cu 10 3-6 1, 3, 5 25, 30, 35 8.8-38.6  
 Zn 10 3-6 1, 3, 5 25, 30, 35 6.5-37.8
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Fig. 10. Pore size distribution of limestone samples in the diameter range of 3-20 nm (a) 

and 20-200 nm (b)  
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Fig. 11. Effect of contact time on Pb(II) (a), Cd(II) (b), Cu(II) (c) and Zn(II) (d) removal 

by limestone 
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Fig. 12. Intra-particle diffusion plots for the sorption of Cd(II) (a), Cu(II) (b) and Zn(II) 

(c) onto limestone 
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Fig. 13. Effect of pH on Cd(II) (a), Cu(II) (b) and Zn(II) (c) removal by limestone 
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Fig. 14. Effect of the amount of limestone on Cd(II) (a), Cu(II) (b) and Zn(II) (c) 
removal (Metal concentration: 10 mg/L; pH 3; temperature: 25°C) 
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Fig. 15. Effect of temperature on Cd(II) (a), Cu(II) (b) and Zn(II) (c) removal by 

limestone (Limestone concentration: 5 g/L, pH 3)  
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Chapter 4 Simultaneous removal of several heavy metals from aqueous 

solution by natural limestones  

1. Introduction  

Numerous activities, including metal plating, fertilizer industry, mining operations, 

metallurgy, battery manufacturing and textile dyeing generate a huge volume wastewater 

contaminated with various metals (Eloussaief and Benzina, 2010). These metals constitute a 

real threat for the environment because of their adverse effects on living organisms and water 

quality (Barhoumi et al., 2009; Messaoudi et al., 2009). Therefore, the levels of such 

pollutants in water body have to be reduced to the minimum. The use of natural sorbent for 

removing various metals from wastewater has been found to be an effective alternative. 

Especially, the use natural limestones as a cheap medium for toxic metals removal has been 

investigated by multiple researcher (Aziz et al., 2001; Sanchez and Ayuso, 2002; Godelitsas 

et al., 2003; Prieto et al., 2003; Komnitsas et al., 2004; Cave and Talens-Alesson, 2005; 

Rouff et al., 2006; Aziz et al., 2008), pointing out that limestones could be an efficient natural 

geological materials for the treatment of heavy metals in contaminated water. However, most 

of the reported metal-removal efficiency of limestone dealt with single element system. 

Desired intensive remediation is usually concerned with contaminated water that contains 

more than one heavy metal. To date no attempt has been made to study the interactive 

mechanisms involved in metal-carbonates interactions in mixed systems. Therefore, the 

present study provided an attempt to (1) examine the adsorption behavior of several divalent 

metals onto natural limestones in single and multi-element systems, (2) determine the 

mechanisms involved in the removal processes, (3) study the competitive sorption of Pb(II), 

Cd(II), Cu(II) and Zn(II) in single, binary, ternary and quadruple systems, and (4) discuss the 

feasibility of using natural limestones from Tunisia in wastewater cleanup.  

2. Materials and methods 

2.1. Limestones samples used 

Four limestone samples (S, C, G and Z) of the Campanian-Maastrichtian Abiod formation 

were collected from various locations in Tunisia (Sdiri et al., 2010). Limestone samples were 

collected from the outcroppings in the areas of Gabes (south, G sample), Gafsa (south, C and 

Z samples) and Bizerte (north, S sample) where the geological particularities of the material 

allow its use in a wide range of industrial and environmental applications (Bouaziz et al., 

2007; Aloui and Chaabani, 2007). The collected limestone blocks were crushed, sieved, and a 
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grain size of less than 210 µm was used for batch sorption.  

All of the chemical reagents were of analytical grade supplied by Wako Pure Chemical 

Industries, Ltd. (Japan). Ultrapure water (UPW), produced with a Milli-Q system (Millipore 

Corp., France), was used throughout the experiments. Working standards were prepared by 

the dilution of the stock solution (1000 mg/L), prepared by dissolving proper amount of  
copper, cadmium, lead and zinc chloride in 100 mL of hydrochloric acid (0.1 mol/L). 

Solutions of 0.1 M HCl and 0.1M NaOH were used for pH adjustment. 

2.2. Batch sorption  

Batch sorption methodology was selected as an appropriate technique in the current study. 

Polypropylene tubes containing 20 mL of in metal solution and 3 g/L of limestone powder 

from the <210 µm samples (C, G, S and Z) were shaken at 200 rpm at 25°C for 60 min to 

reach equilibrium. In single, binary, and multi-element systems, 10 mg/L of each metal was 

used as an initial concentration to achieve similar concentration for all systems. For instance, 

in quadruple system, 5 mL of each metal stock solution (1000 mg/L) were introduced in 500 

mL volumetric flask and then diluted with UPW to obtain an initial concentration of 10 mg/L 

for each metal. The initial pH of the solution was adjusted to 6 with 0.1 M HCl and 0.1M 

NaOH prior to mixing with limestone powder. After shaking, 10 mL of supernatant were 

withdrawn and filtered through a 0.2 µm syringe-driven filter (Millex-LG, PTFE, Millipore 

Corp., Ireland). After the reaction, the sample solutions were stored at 4°C until analysis for 

Pb(II), Cd(II), Cu(II) and Zn(II) with an ICP-AES instrument, Optima 7300 DV series 

(PerkinElmer Inc., Japan). The amount of a metal removed from the solution was calculated 

as the difference between initial and final concentrations. The same experimental conditions 

were maintained for mixed systems (i.e., binary, ternary and quadruple mixtures). All 

experiments were run in triplicate. 

3. Results and discussion 

3.1. Characterization of limestone samples 

Chemical composition was determined by subjecting the pressed limestone samples to an 

electron microprobe equipped with an X-ray dispersive spectrometer (JXA8621 Superprobe; 

JEOL, Japan). It showed that the limestone samples collected from the southern area (C, G 

and Z samples) were characterized by their higher purity, while the northern S sample 

contained more than 16.856% SiO2 and minor amounts of iron and aluminum oxides (Table 

1).  
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Mineralogical analysis was carried out for powder samples with an X-ray diffractometer 

(RAD-X; Rigaku Intl. Corp., Japan). XRD patterns of the studied limestone samples showed 

the presence of characteristic peaks of calcite (Sdiri et al., 2010). In the northern S sample, 

the additional peak prevailing at 3.34 Å showed the presence of quartz (Fig. 16). The specific 

surface areas, determined using the N2-sorption method (SA 3100, Beckman Coulter, USA), 

were 6.25 m2/g, 3.30 m2/g, 0.96 m2/g and 1.03 m2/g for S, C, G, and Z samples, respectively.  

The studied limestone samples were also characterized by FT-IR spectrophotometer (FT-720; 

Horiba Ltd., Japan) over a range of 4000–650 cm-1 at room temperature. The obtained spectra 

showed broad bands near 1400, 875 and 711 cm-1
, characteristic of calcite. The maximum 

absorption recorded at 1095.37 cm-1
, 1064.51 cm-1 and 985.447 cm-1 was attributed to the 

asymmetric stretching of Si-O (Fig. 17). Kaolinite, smectite, illite and mixed layer 

smectite/illite may be also present especially in C and G samples (Sdiri et al., 2010). The clay 

mineral association may effectively enhance the adsorptive capacities of these two samples 

compared with the purest Z limestone. However, in the case of S sample, the occurrence of 

small amount of kaolinite may not significantly influence the adsorptive behavior since it is 

overlapped by the high amount of silica. 

3.2. Sorption experiments of heavy metals by a batch method 

3.2.1. Sorption in single-element system 

The sorption of single metal (Cd(II), Cu(II) and Zn(II)) onto limestone is shown in Fig. 18. 

The effects of various parameters on the removal of the studied metals in aqueous systems 

were detailed in chapter 3. 

3.2.2. Sorption in binary system 

Sorption experiments of heavy metals were also studied in mixed systems by shaking 60 

mg of natural limestone (<210 μm-sized powder) with 20 mL of metal solution at room 

temperature (25°C) for 60 min. Our preliminary experiments indicated that the initial 

concentration of metal fixed at 10 mg/L for each metal and pH 6 were appropriate for the 

current study. Fig. 19 shows the removal percentage of Pb(II), Cd(II), Cu(II) and Zn(II) 

sorbed onto S, C, G and Z limestone samples at pH 6 for all possible metal combinations in 

binary systems. The results showed that S limestone sample showed higher removal 

efficiency regardless of the metal to be removed. Generally, the removal rate decreased 

according to the following sequence: S > C > G > Z, suggesting that the enhanced removal 

capacity correlated with the presence of impurities. In Pb-Cd systems, more than 91.5% 
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removal of Pb(II) was observed in all cases. The removal percentages in the presence of 

Cd(II) were 99.67%, 94.72%, 96.37% and 91.42% for S, C, G and Z samples, respectively. 

The removal efficiency of Cd(II) decreased substantially in the presence of Pb(II) compared 

with single element system (Figs. 3 and 4). Therefore, Pb(II) strongly depressed Cd(II) 

sorption onto limestone samples, showing an inhibitory effect on Cd removal, defined as: 

IE (%) = 
)(

)()(

Cd

CdPbCd

Cd
CdCd −−

        (3) 

where Cd(Cd), Cd(Pb-Cd) are Cd removal percentage in single and binary system, 

respectively) of 50.82%,79.16%, 67.94% and 60.60% for S, C, G and Z samples, respectively. 

That was further confirmed by the removal efficiencies of Cd(II), which decreased to 46.72%, 

12.29%, 19.02% and 5.74% for S, C, G and Z limestone samples, respectively. Inversely, the 

inhibitory effect of Cd(II) on Pb(II) removal occurred to much lower extent because of higher 

selectivity for Pb(II). The interactive behavior of Pb-Cu system showed that Pb(II) had 

somewhat higher affinity to limestone than Cu(II). Similar results were reported by Xue et al. 

(2009), who studied competitive adsorption of heavy metals onto basic oxygen furnace slag. 

It was found that the presence of Pb(II) strongly prevented the removal of Cu(II), with an IE 

of 57.66%, 68.94% and 62.52% for C, G and Z samples, respectively. Interestingly, Pb(II) 

slightly enhanced the removal of Cu(II) with S limestone sample probably due to the 

presence of high affinity sites that adsorb both Pb(II) and Cu(II) under the conditions of our 

experiments. This behavior was confirmed by the poor effect of Cu(II) on Pb(II) removal, 

though higher than those of Cd(II) and Zn(II). For C, G and Z limestone sample, the 

inhibitory effect of copper over lead exceeded 50%. Cu(II) also showed strong inhibitory 

effects over Cd(II) and Zn(II). This was expected since Cu(II) was predominantly sorbed by 

all the studied samples over cadmium and zinc because of its higher relative binding strength 

and lower ionization potential (Tables 8 and 9). As for Cd-Zn system, it observed that Cd(II) 

strongly prevented the removal of Zn(II) cations. Similarly, Zn(II) inhibited the removal of 

Cd(II) to the same order of magnitude, though slightly lower. Moreover, in Pb-Zn system, the 

coexistence of these two metals favored the removal of Zn(II), but not Pb(II). This meant that 

there was simultaneous binding of both metals with the same binding sites. Hence, it is 

plausible to account for an uncompetitive sorption or even a favorable sorption for Zn(II) in 

the presence of Pb(II), despite their different properties (Table 7). This was further confirmed 

by the negative IE exerted by Pb(II) on Zn(II) (Table 8). 
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3.2.3. Sorption in ternary system 

Competitive sorption experiments were also performed by simultaneous removal of three 

metals under the same experimental conditions described earlier. That is, sorption 

experiments performed by shaking 60 mg of natural limestone (<210 μm-sized powder) with 

20 mL of metal solution at room temperature (25°C) for 60 min. The initial concentration of 

metal was fixed at 10 mg/L for each metal and an initial pH of 6. The results of removal 

percentages are shown in Fig. 20 where it was indicated that S limestone sample removed the 

highest amounts of heavy metal, while Z sample retained the lowest amounts regardless of 

the removed cation and the studied mixture. Moreover, the affinity of the studied metal 

cations for limestone sample followed the sequence of Pb(II) > Cu(II) > Zn(II) > Cd(II). 

Similar sequence has been reported for the competitive adsorption of several metals onto 

basic oxygen slag studied by Xue et al. (2009), who found a sequence of Pb(II) > Cu(II) > 

Zn(II) > Cd(II), confirming that Pb(II) had the highest affinity for the surface of carbonate 

than others. Nevertheless, according to the above-mentioned work, the sequence change 

considerably in single element system, that was not the case for the present study. Comparing 

the data obtained for lead, cadmium, copper and zinc, strong relationship between metal 

removal percentage and its first hydrolysis constant was observed (Kinraide and Yermiyahu, 

2007; Appel et al., 2008; Zhu et al., 2010). Lead removal capacity of S limestone sample 

clearly increased from 78.66% in Pb-Cd-Cu mixture to 90.75% in Pb-Cd-Zn system. Similar 

results were obtained for C, G and Z samples, with increasing percentages of 43.28%, 69.7% 

and 61.93%, respectively (Table 9). In Pb-Cu-Zn system, the removed amounts of lead were 

higher than those observed in Pb-Cd-Cu system, but much lower than those recorded in Pb-

Cd-Zn mixture (Fig. 20). Since copper suppressed the removal of Pb(II), it was expected that 

lead removal would be lower in the presence of Cu(II). In the presence of Zn(II), the removal 

of lead jumped to more than 75% for all samples in Pb-Cd-Zn system, but decreased in Pb-

Cu-Zn mixture. These results indicate the antagonistic effect of Zn(II) and Cu(II). Such 

explanation also applies for cadmium removal by the studied limestone samples. As for 

copper, the removal efficiencies being 24.72%, 11.07% and 7.99% in Pb-Cd-Cu for C, G and 

Z samples, respectively, have readily increased in Pb-Cu-Zn and Cd-Cu-Zn (Table 9). Finally, 

it is worth to mention that zinc removal remained roughly unchangeable in all cases probably 

because of its low electronegativity combined with high ionization potential (Table 7). 
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3.2.4. Sorption in quadruple system 

Mixed metal sorption of Pb(II), Cd(II), Cu(II) and Zn(II) ions by natural limestone 

samples was also investigated to establish the effect of the presence of three metal ions on the 

removal of each one of them in equal concentration of 10 mg/L. Fig. 21 revealed that the 

studied limestone samples had high affinity to Pb(II), leading to the highest removal 

percentages. Lead removal efficiency was 75.02%, 34.39%, 15.08% and 6.57% for S, C, G 

and Z samples, respectively. The sorption capacity of Cu(II) was about 59.5%, 22.1%, 

11.23% and 7.05% for S, C, G and Z samples, respectively. This also indicated the high 

affinity to Cu(II), but somewhat lower than Pb(II). As for Cd(II) and Zn(II), low removal 

percentage was achieved by S limestone sample, but C, G and Z, considered as pure 

limestone samples, were not able to remove measurable amounts of Cd(II) and Zn(II). It 

could be assumed that the studied limestones removed the following sequence Pb(II) > Cu(II) 

> Zn(II) > Cd(II). This indicated that the studied metals competitively interacted with 

limestone samples. 

3.2.5. Interaction with calcium 

Heavy metal sorption onto natural limestones started with calcium carbonate dissolution, 

leading to the release of calcium in the solution (Aziz et al., 2001; Alkattan et al., 2002; 

Sanchez and Ayuso, 2002). It was clearly observed that the studied heavy metals interacted 

with limestone in different ways, leading to variable concentration of Ca(II) in the solution. 

In single element system, more than 23 mg/L of Ca(II) was released in the solution. The 

presence of cadmium depressed calcite dissolution when compared to other metals (Martin-

Garin et al., 2003). Although it has been reported that, of the metal cations that have been 

studied, cadmium most easily replaces Ca(II), due to the similarity of their ionic radii 

(Sanchez and Ayuso, 2002; Al-Degs et al., 2006), it was observed that the exchange 

mechanism for cadmium operates at a slow rate. It is worth to mention that the presence of 

zinc showed the highest concentration of released Ca(II). This was also verified in binary and 

ternary systems (Fig. 22). Inversely, the presence of cadmium decreased calcite dissolution, 

therefore calcium concentration. Furthermore, the inhibiting effect of cadmium was strong 

enough to overcome the improving effect caused by the presence of zinc. In the quadruple 

system, presence of other metals strongly depressed calcium concentration because of its low 

electronegativity (Pauling electronegativity = 1.00) compared to other metals studied, 

therefore its easier displacement by other competitive metals. For each charge class, Kinraide 

and Yermiyahu (2007) mentioned that binding strength increased with increasing 
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electronegativity (Table 7). It is therefore probable that the differences between metal 

sorption capacities would depend only on their affinity to the surface of calcite. 

3.3. Discussion 

The removal percentages of metal cations in single and multi-element systems were 

compared. In single element removal, the studied limestone samples revealed higher removal 

efficiency than in mixed systems. Furthermore, the limestone samples used in this study have 

variable chemical composition that may explain the difference in the metal adsorptive 

capacities. Al-Degs et al. (2006) mentioned that, based on conventional theory, metals with 

higher electronegativity should adsorb more readily as was the case of the studied metals. 

The same theory suggested that metals of higher hydrolysis constants have better adsorptive 

capacity (Appel et al., 2008). Moreover, differences in limestone affinity for the studied 

metals (i.e., Pb(II), Cd(II), Cu(II) and Zn(II)) are mainly contingent upon those metals 

physico-chemical properties, including electronegativity, ionic radius, hydrated radius, 

hydrolysis constant among others (Apiratikul and Pavasant, 2006; Appel et al., 2008). This 

assumption can give a reasonable explanation for the higher removal of Pb(II) and Cu(II) 

compared to Cd(II) and Zn(II). For example, Pauling electonegativity of Pb(II), Cd(II), Cu(II) 

and Zn(II) are 2.33, 1.69, 1.9 and 1.65, repectively. Our experimental results showed that 

limestone sample’s affinity followed the order Pb(II) > Cu(II) > Zn(II) > Cd(II), which is 

consistent with the electronegativity values. Furthermore, the hydrated radius showed the 

sequence Zn(II) = 4.3 Å > Cd(II) = 4.26 Å > Cu(II) = 4.19 Å > Pb(II)= 4.01 Å, indicating that 

smaller radius favored metal interaction with the sorbent surface (Appel et al., 2008). 

Numerous studies, including Godelitsas et al. (2003), Al-Degs et al. (2006), Karageorgiou et 

al. (2007), reported that metals of ionic radius close to that of Ca(II) adsorb stronger. 

According to those works, Cd(II) should have higher sorption capacity than Cu(II) and Zn(II), 

however, this was not the case for the present study. In multi-element system, physical 

properties of metals still play an important role in the removal process. Srivastava et al. (2005) 

found that lead had a higher affinity than copper, in turn had a higher affinity than cadmium 

and zinc. They stated that cadmium could not effectively compete with other metals because 

of its restricted adsorption to charge sites. Among the metal ions studied, Pb(II) was the most 

preferably removed cation because of its high affinity to calcite surface. Considering this 

observation, Pagnanelli et al. (2003) concluded that the metal with highest affinity is not 

significantly influenced by the presence of other heavy metals in solutions. However, the 

present study showed that the presence of copper strongly inhibited the removal of lead, 
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especially in C, G and Z limestone samples. As for S limestone sample, the presence of 

copper slightly decreased lead removal. This was attributed to the availability of numerous 

binding sites, the presence of which may render the competitive effect insignificant 

(Apiratikul and Pavasant 2006). It is noteworthy that the presence of Pb(II) in the system 

more effectively decreased the sorption capacity of Cu(II) and Cd(II), but enhanced the 

removal of Zn(II). Therefore, these metals had only a minor competitive effect on Pb(II) 

adsorption and did not appear to compete with this metal for high affinity sorption sites. Both 

Cd(II) and Zn(II) have similar hydrated radii of 4.26 and 4.30 Å, respectively (Table 7) and 

low electronegativities than Cu(II) and Pb(II), which minimizes electron sharing or covalent 

bond formation with the sorbent surface. Thus, coulombic interactions with surfaces were 

favored for Zn(II) and Cd(II). Echeverria et al. (1998) and Appel et al. (2008) reported 

decreased sorption of Cd(II), Cu(II), Pb(II), and Zn(II) when these metals were sorbed in 

mixed systems compared to single element removal. It is to be mentioned that the effect of 

competing ions was stronger on Zn(II) and Cd(II) removal in ternary and quadruple systems 

than in binary system because of the preferential sorption. In summary, the studied 

Camapanian-Maastrichian limestones of the Abiod formation, Tunisia exhibited high removal 

efficiency in single and multi-element systems, and therefore was found to be suitable for 

removing Pb(II), Cd(II), Cu(II), and Zn(II) from aqueous solutions. 

4. Summary 

Present study showed that natural limestones effectively removed high percentage of 

heavy metals. The adsorption behavior of Pb(II), Cd(II), Cu(II), and Zn(II) onto limestones in 

single and mixed systems is governed by physical properties of the studied metal. The 

limestone from northern Tunisia, containing higher impurities such as silica and iron and 

aluminum oxides, showed better removal efficiency than the limestones of southern area. For 

all the studied metals, higher removal percentage was achieved by the low grade limestone 

sample from the solution of 10 mg/L, in single and mixed systems. The selectivity sequence 

of the studied metal was Pb(II) > Cu(II) > Zn(II) > Cd(II) in single and mixed systems. Due 

to their chemical properties (high electronegativity, small hydrated radius and high hydrolysis 

constant), copper and lead were sorbed onto limestone surface more than cadmium and zinc. 

These results indicated that Campanian-Maastrichtian limestones from Tunisia are expected 

to be promising natural resources for the removal of toxic heavy metals from wastewaters.
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Table 7 Physical characteristics of the studied cations(Kinraide and Yermiyahu, 2007) 
Cation RBS PE IR IP HR -log KH2O,M HI 
Ca(II) 1.44 1.00 0.99 6.11 4.12 12.7 0.181 
Cd(II) 2.15 1.69 0.97 8.99 4.26 10.1 0.081 
Cu(II) 2.66 1.90 0.73 7.73 4.19 7.5 0.104 
Pb(II) 2.68 2.33 1.19 7.42 4.01 7.6 0.131 
Zn(II) 2.20 1.65 0.74 9.39 4.30 9.0 0.115 

RBS, PE, IR, IP, HR, -logKH2O,M, and HI refer to relative binding strengths, Pauling 

electronegativity, ionic radius, ionization potential, hydrated radius, log of the fist hydrolysis 

constant, and hardness index, respectively. 

 

Table 8 Inhibiton percentage of a competing metal on other metals sorption onto 
limestones  

Sample        Inhibitor 
Inhibited 

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

S 

Pb(II) - 0.330 2.970 0.000 
Cd(II) 50.822 - 69.441 45.768 
Cu(II) -3.991 13.934 - -7.187 
Zn(II) -36.933 62.625 4.217 - 

      

C 

Pb(II) - 5.282 50.591 0.422 
Cd(II) 79.162 - 89.983 66.151 
Cu(II) 57.659 45.722 - 13.601 
Zn(II) -35.627 77.467 96.781 - 

      

G 

Pb(II) - 3.632 76.19 0.000 
Cd(II) 67.940 - 84.714 66.153 
Cu(II) 68.943 52.565 - 27.809 
Zn(II) -28.401 79.439 100.000 - 

      

Z 

Pb(II) - 8.582 75.000 0.000 
Cd(II) 60.602 - 81.949 41.935 
Cu(II) 62.521 45.806 - 39.039 
Zn(II) -531.742 - 100.000 - 
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Table 9 Removal percentage of heavy metals in ternary system by natural limestone (in 
%) 

Metal Sample Pb-Cd-Cu Pb-Cd-Zn Pb-Cu-Zn Cd-Cu-Zn 

Pb 

S 78.660 90.752 89.718  
C 40.642 83.921 49.777  
G 15.604 85.312 29.393  
Z 14.451 76.420 20.144  

      

Cd 

S 11.111 31.332  21.403 
C 1.872 8.031  4.312 
G 1.471 5.32  2.192 
Z 0.311 2.12  1.231 

      

Cu 

S 62.039  83.431 76.496 
C 24.716 30.613 49.863 
G 11.073  15.665 28.499 
Z 7.992  7.234 22.233 

      

Zn 

S  16.382 18.274 17.187 
C  3.801 3.152 3.218 
G  1.625 2.565 1.592 
Z  1.131 0.349 0.572 
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Fig. 16. XRD patterns of the studied limestone samples 
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Fig. 17. FTIR spectra of the studied limestone samples 
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Fig. 18. Sorption of Cu(II), Cd(II) and Zn(II) in single system 
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Fig. 19. Sorption of Pb(II), Cd(II), Cu(II) and Zn(II) in binary systems  
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Fig. 20. Sorption of Pb(II), Cd(II), Cu(II) and Zn(II) in ternary systems 
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Fig. 21. Sorption of Pb, Cd, Cu and Zn in mixed systems 
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Fig. 22. Released calcium in single and multi-element systems 
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Chapter 5 Evaluating the adsorptive capacity of montmorillonitic and 

calcareous clays on the removal of several heavy metals from 

aqueous solutions 

1. Introduction  

The present study has been carried out to evaluate the applicability of natural clays in the 

removal of several metal ions (Pb(II), Cd(II), Cu(II) and Zn(II)) from aqueous solutions by 

batch adsorption process. The use of natural adsorbents is particularly beneficial for the 

development of cost effective process for heavy metal removal from wastewater. In this 

regards, many previous works have been undertaken to study the efficiency of various type of 

clay including kaolinite (Sari et al., 2007; Schaller, et al. 2009), bentonite (Ulmanu et al., 

2003; Kaya and Hakan Ören, 2005), sepiolite (Guerra et al., 2010), montmorillonite (Lin and 

Juang, 2002) and other natural adsorbents (Al-Degs et al., 2006). 

In Tunisia, the Coniacian-Early Campanian clay deposits received considerable attention 

due to their importance for the economic growth of the raw material sector (Jamoussi et al., 

2003; Fakhfakh et al., 2007; Chaari et al., 2008).  

On the other hand, environmental pollutants like Pb(II), Cd(II), Cu(II) and Zn(II) have to 

be removed from wastewaters before being discharged in the receiving ecosystems. 

Adsorption onto cost-effective natural materials is the most commonly utilized technique due 

to its simplicity when compared to other methods like ion exchange and precipitation. Clay 

minerals have a great potentiality to adsorb pollutants due to their large specific surface area, 

chemical and mechanical stability, layered structure, and high cation exchange capacity 

(Bhattacharyya and Gupta, 2008; Eloussaief and Benzina, 2010).  

The use of natural clays without any pre-treatment is one of the significant targets of this 

study to decrease the cost of the removal process. Moreover, the advantages of Tunisian clay 

were demonstrated with this regards. The effects of contact time and initial metal solution 

concentration were studied in detail. The effects of the removal of impurities (i.e., carbonates) 

on the adsorption of heavy metals were also emphasized. The adsorption isotherms, including 

Langmuir, Freundlich and Dubinin Radushkevich (D-R) isotherm were applied to the 

equilibrium data to describe the main interactive mechanisms involved in the removal process. 

Kinetic parameters were also calculated from the pseudo-first-order and pseudo-second-order 

models for better description of the adsorption mechanism. The optimization of adsorption 

parameters and the establishment of adsorption isotherms are of crucial importance for 
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understanding the mechanisms involved in heavy metals removal and wastewater cleanup 

processes.  

2. Geological setting 

Natural clay samples used as adsorbent were collected from the Aleg formation 

(Coniacian-Early Campanian) in the Upper Cretaceous outcroppings exposed in the Atlasic 

domain (south of Tunisia). The Aleg fromation consists of a thick series of clayey deposits 

and gray marl interbedded between the top of Zebbag and the lower part of Abiod limestones. 

In Jebel Oum el Aleg to the northeastern part of Gafsa area (south of Tunisia), Burollet (1956) 

described Aleg formation as a thick clay deposits with intercalated beds of marl and 

limestones. In the Gabes region in southeastern Tunisia, the Coniacian-Early Campanian 

system extends over a large surface and presents a great variation in its thickness because of 

the active tectonic events that affected the whole sector during the deposition of Aleg clays 

(Fig. 23). Mejri et al. (2006) metioned that the thick shale of “Upper Aleg” in eastern Tunisia 

resulted from the sedimentation after strong submarine erosion of the previous series 

combined with discrete tectonic movements and differential subsidence related to salt 

migration. In the Jebel Aidoudi study site, the stratigraphic succession shows an argillaceous 

complex admitting carbonate intercalations in the lower part; a marly and calcareous complex 

and a clay sequence with fibrous gypsum. The total thickness of this formation exceeds 320 

m (Abdeljaouad, 1983).  

3. Materials and methods 

3.1. Materials 

3.1.1. The sorbent 

Two natural clay samples (S and Y) present in the Late Cretaceous Aleg formation were 

collected from Gabes and Gafsa areas (south of Tunisia) (Fig. 23). The preparation of the 

adsorbent from natural clays was done for the removal of carbonate minerals and organic 

matter to concentrate the clay minerals, and to improve their sorption properties. Carbonates 

were removed using acetic acid (1 mol/L) in a water bath at 80 °C. Organic matter was 

oxidized by treating the carbonate-free samples with 30% H2O2. Both original and treated 

clay materials were dispersed in water and saturated with 1M NaCl solution for three times 

under continuous stirring. The obtained Na+ homoionic clay samples were then dialyzed 

several times to remove chloride (Darder et al., 2005; Jarraya et al., 2010). Hereafter 

abbreviated name of clay samples were used, where RS and TS, RY and TY were assigned to 
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the original and treated S and Y clays, respectively. The obtained materials were dried at 105 

°C for 24 h and then crushed to collect the desired particle size ranges. Sorption tests were 

conducted on a size range of less than 210 μm.  

3.1.2. Chemicals 

All the chemicals used were of analytical reagent grade supplied by Wako Pure Chemical 

Industries, Ltd. (Japan). Ultrapure water, produced with a Milli-Q system (Millipore Corp., 

France), was used throughout the experimental studies. Stocks of copper, cadmium, lead and 

zinc solutions (1000 mg/L) were prepared by dissolving CuCl2·2H2O, CdCl2·2.5H2O, PbCl2 

and ZnCl2 in 1000 mL of ultrapure water. Working standards were prepared by dilution of the 

stock solution. 0.1 M HCl and 0.1 M NaOH solutions were used for pH adjustment. 

3.2. Physicochemical characterization  

Physicochemical characterization of the original and treated samples was described in 

chapter 2.  

3.3. Characteristics of N2 adsorption on the sorbent 

N2 adsorption data were used for the determination of the specific surface areas of 

adsorbents and for the analysis of pore size distribution using Coulter instrument (SA3100, 

Beckman Coulter, CA, USA). 

Physical gas adsorption is often the technique for examining the pore characteristics of 

materials (Benzina and Bellagi, 1990). The technique determines the amount of gas adsorbed 

on clays: a direct indication of the porous properties of the material and the isotherm, 

obtained from the measurement of adsorbed gas, provides information about the surface area, 

pore volume and pore size distribution (Al-Degs et al., 2006; Chen et al., 2010). The lower 

portion of the isotherm was used for the measurement of specific surface areas, whereas the 

entire adsorption-desorption isotherm was used for pore analysis according to BJH 

methodology (Jesionowski 2002, Chen, et al. 2010). Powdered clay samples were degassed at 

150°C for 180 min before measurements. 

3.4. Batch adsorption 

Batch adsorption of the selected metal ions was carried out at different initial 

concentrations range of 10-100 mg/L, pH 6 and agitation speed of 200 rpm within the 

equilibrium time of 60 min. 1 g/L of each raw (RS and RY) and treated (TS and TY) 

adsorbent was placed in a polypropylene centrifuge tube containing metal ion solution of 
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known concentration and pH. The pH of metal solution was adjusted prior to mixing with the 

adsorbent with 0.1 M HCl and 0.1 M NaOH. The tubes were shaken at 200 rpm for 1h to 

reach equilibrium. The suspension was then centrifuged and 10 mL of supernatant were 

filtered with 0.45 µm syringe driven filter (Millex-LH, PTFE, Millipore Corp., Ireland). 

Finally, the samples solutions were stored at 4°C till the measurement of the desired metal 

(Pb(II), Cd(II), Cu(II) and Zn(II)) concentration using Optima 7300 DV Instruments 

(PerkinElmer Inc., Japan). The amount of removed heavy metal was calculated from the 

difference between initial and final concentration. All experiments were run in triplicate. 

3.5. Adsorption isotherm models 
Langmuir, Freundlich and Dubinin–Radushkevich (D–R) isotherm models were used in 

this study to establish the relationship between the amount of adsorbed metal onto clays and 

its equilibrium concentration in aqueous system.  

Langmuir adsorption isotherm (Langmuir, 1918) is based on the assumption of monolayer 

adsorption onto a surface with a finite number of identical sites. Langmuir isotherm could be 

arranged in its linear form as following:  

mLm

e

e

e

qKq
C

q
C 1

+= (4) 

where Ce is equilibrium concentration of the metal (mg/L) and qe is the amount of the studied 

metal adsorbed per gram of adsorbent (mg/g). qm and KL are Langmuir constant relating 

adsorption capacity (mg/g) and the energy of adsorption (L/g), respectively. These constants 

can be calculated from the slope and intercept of the linear plots of Ce/qe versus Ce, 

respectively. 

The dimensionless parameter of adsorption (RL) (defined as
01

1
CK

R
L

L +
= , where C0 

(mg/L) is the initial concentration) was used as an indicator to assess the extent of adsorption.  

Depending on the RL value, there are four possibilities for adsorption; (i) favorable adsorption 

if 0< RL <1, (ii) unfavorable adsorption when RL>1, (iii) linear adsorption for RL=1, and (iv) 

irreversible adsorption for RL=0 (Sari et al., 2007; Chaari et al., 2008; Baccar et al., 2010) 

The adsorption data were also fitted to Freundlich isotherm (Freundlich, 1906), which is 

described by the linear form following the equation: 

eFe CnKq logloglog +=         (5) 

where KF and n are Freundlich constants, determined from the intercept and slope of the 

linear plot of logqe versus logCe.  
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Finally, Dubinin-Radushkevich (D-R) isotherm was applied to the adsorption data to 

determine the predominant adsorption type (physical or chemical). The linear form of this 

model (Dubinin and Radushkevich, 1947) is described by the following equation:  
2lnln βε−= me qq         (6)  

where ε is the Polanyi potential ( ( )[ ]eCRT 11ln +=ε ), R (J/mol K): gas constant, T (K): 

absolute temperature and β (mg2
/kJ) is a constant related to the adsorption energy. 

The values of qm and β are calculated from the intercept and slope of the plot eqln  versus 2ε . 

The mean energy of adsorption E (kJ/mol) is calculated from the equation (Sari et al., 2007; 

Saltalı et al., 2007; Dubinin and Radushkevich, 1947): 

β2
1

−
=E (7) 

The removal mechanism occurs basically via physical interaction when E < 8 kJ/mol, and via 

ion-exchange if 8 ≤ E ≤ 16 kJ/mol (Sarkar et al., 2010; Onyango et al., 2004).  

3.6. Adsorption kinetic models  

The well-known pseudo-first-order and pseudo-second-order kinetic models were applied 

to the experimental data in order to examine the adsorption process. 

The pseudo-first-order equation can be written as follows: 

( )te
t qqk

dt
dq

−= 1          (8) 

where qe and qt are the adsorbed quantity (mg/g) at equilibrium and at time t, respectively; k1 

(min-1) is the adsorption rate constant. The value of k1 and qe can be calculated from the slope 

and intercept of the linear plot of ln(qe–qt) versus t, respectively.  

The pseudo-second-order kinetic model was also used to describe the sorption of metal 

ions. The differential equation for the reaction is expressed as: 

( )2
2 te

t qqk
dt

dq
−=

        (9)  

k2 is the pseudo-second order rate constant (g/mg min). Both constants, k2 and qe, were 

calculated from the intercept and slope of the linear plot t/qt against t, respectively.  

4. Results and discussions 

4.1. Characterization of clay samples 
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4.1.1. Chemical composition by XRF 

Chemical analysis showed that the main constituents of raw (RS and RY) and treated (TS 

and TY) clays were silica, aluminum and iron oxides (Table 10). The results indicated that 

RS clay, collected from Gafsa area, contained high amount of calcium and its chemical 

composition was significantly affected upon acetic acid treatment. The data indicated that the 

percentage of silica of S sample increased from 40.096% to 57.144%, with a significant 

increase in the mass fraction of aluminum and iron oxides. The data also indicated that TS 

showed a reduction in the fraction of CaO and MgO after acid treatment, decreasing from 

26.667 to 2.372% and from 4.667 to 2.751%, respectively. The occurrence of magnesium 

oxide in both samples may bear witness to the presence of smectite (Felhi et al., 2008) and 

also small amount of dolomite in the carbonate rich clay (RS). It should be emphasized that 

SiO2, Al2O3, and Fe2O3 contents were obviously higher in RY than RS clay, but this 

difference disappear after the removal of carbonates. The removal of carbonate and organic 

matter enhanced the percentage of silica and aluminum in the treated clays, but that of both 

the exchangeable and the octahedral cations have clearly decreased. Similar results were 

reported by Al-Degs et al. (2006) and Elousssaief and Benzina (2010). 

The ratio SiO2 / Al2O3 is equal to 2.46, 2.72, 2.54 and 2.89 for RS, RY, TS and TY, 

respectively. These values are higher than those of ideal kaolinite (1.18) (Samake, 2008; 

Bhattacharyya and Gupta, 2008) and montmorillonite (2.36) (Bhattacharyya and Gupta, 2008) 

suggesting that the studied clay samples were relatively enriched in silica with regard to 

aluminum. The high K2O content indicates the presence of large amounts of illite in both 

samples (Table 10).  

4.1.2. BET adsorption isotherms 

Fig. 24 shows the nitrogen adsorption isotherms of the raw and treated clay samples. 

Nitrogen adsorption on the studied clay samples resulted in type IV isotherms in the BET 

classification, indicating mesoporous materials with limited microporosity (Brunauer et al., 

1938). In all cases, capillary condensation occurs during adsorption via "cylindrical 

meniscus", while capillary evaporation during desorption occurs via "hemispherical 

meniscus", separating the vapor and capillary-condensed phases. This results in hysteresis 

loops and confirms the mesoporous structure of the studied clays (Groen et al., 2003; Sdiri et 

al., 2010). 

As shown in Table 10, specific surface areas of the natural and treated clay samples (less 

than 210 µm) were 17.84 m2/g, 71.94 m2/g, 10.22 m2/g and 59.14 m2/g for RS, RY, TS and 
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TY, respectively (Table 10). All samples had an overall mesoporous structure with a 

predominant average pore diameter ranging from 20 to 80 nm (Fig. 25). The percentage of 

small pores (diameter range < 6 nm), being 12.96 and 34.71% for RS and RY, decreases to 

8.41 and 10.65% for TS and TY samples, respectively. Among all samples, RY had the 

highest number of pores in the lower diameter (< 6 nm) range (Fig. 25), resulting in a higher 

specific surface areas (71.94 m2/g) and total pore volume (0.12 cm3/g), when compared with 

other samples.  

4.1.3. Scanning electron micrograph (SEM) 

The SEM image of RS, collected from Gafsa area, revealed a uniform paste of 

illite/kaolinite mixture with some rhombohedra of dolomite; the presence of which was 

confirmed in the treated sample (TS). SEM images of the natural and treated clays are shown 

in Fig. 26. The original Y sample (RY) showed platy flakes and spongy structure, that 

accorded with a typical scanning electron micrograph of sodium montmorillonite (Murray, 

2007).  

4.1.4. XRD analysis 

XRD pattern of the randomly oriented powder is shown in Fig. 27. Natural S sample (RS), 

collected in Gafsa area, consisted mainly of calcite as demonstrated by the main peak near 

3.03 Å (100), dolomite at 2.89 Å (006) and the additional peaks of quartz prevailing at 3.33-

3.34 Å (101). For natural Y sample (RY), the main peak near 12.2 Å is attributable to clay 

minerals combined with subordinate peak of quartz. Further examination revealed that the 

oriented fine fraction (< 2µm) consisted of smectite, illite and kaolinite as major clay 

minerals (Fig. 28). The basal spacing at 7.18-7.21 Å (001) and (002) reflection at 3.57-3.58 Å 

confirmed the presence of kaolinite (Brown, 1972; Felhi et al., 2008; Eloussaief and Benzina, 

2010). Kaolinite, the major clay mineral in S samples, was associated with illite as indicated 

by the characteristic peaks at 9.81 Å (001) and 5.02 Å (002). For Y sample, high smectite 

content associated with small amounts of illite and kaolinite was found (Fig. 28).  

4.1.5. Thermogravimetric analysis 

The thermal analysis diagrams of the clay samples are shown in Fig. 29. Two distinctive 

peaks could be recognized, the first endothermic one occurred below 140 °C because of the 

dehydration of clay minerals. The corresponding weight loss of 3.53% and 4.81% for S and Y 

sample, respectively, was ascribed to the removal of physically bound water. This peak is 

likely due the presence of mixed layer smectite/illite. Hajjaji et al. (2001) found that adsorbed 
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water of swelling clay such as montmorillonite and beidellite drives off nearby 140 °C. The 

second broad endothermic phenomenon took place between 400 and 600 °C with the 

associated mass decrease of 7.16% and 4.90% for S and Y clay powder, respectively. This 

peak probably resulted mainly from the removal of OH group of kaolinite. It is worth to 

mention that this intense peak would include the decomposition of carbonate minerals of S 

sample as was confirmed by its higher weight loss (7.16%) when compared to that of Y 

sample (4.90%).  

4.1.6. Fourier transform infrared spectroscopy  

Fig. 30 shows the FTIR spectra of the raw (RS and RY) clay samples as well as their 

respective decarbonated samples (TS and TY). The band near 3694 and 3619 cm-1 confirmed 

the presence kaolinite (Hajjaji et al., 2001). The stretching vibrations of the surface hydroxyl 

groups (Si–Si–OH, or Al–Al–OH) were found at 3694.94 and 3619.73 cm-1. The other 

vibration at 1635.34 cm-1 is attributable to the bending of adsorbed water (Fig. 30). 

Maravelaki-Kalaitzaki and Kallithrakas-Kontos (2003) reported that peaks occurring at 3694, 

3669 and 3651 cm−1, as in the present samples, resulted from the outer hydroxyl ions in 

kaolinite, while the peak at 3619 cm−1 corresponds to the absorbance of the inner hydroxyl 

ions. The stretching bands near 1435.34, 871.67 and 711.60 cm-1 are assigned to calcite 

(Vagenas et al., 2003; Sdiri et al., 2010). The removal of carbonate minerals by acid 

treatment led to the elimination of the above mentioned bands of calcite in TS and TY spectra. 

In the low frequency range (1200- 650 cm-1), the maximum absorption of silicate minerals 

was observed at 998.95 and 991.23 cm-1 for RS and RY, respectively. Other vibrations at 

912.16, 796.46, 779.10 and 692.32 cm-1 are also characteristics of silicate minerals. Quartz 

usually gives two characteristic bands near 800.31 and 780.02 cm-1, as was the case of the 

studied clay materials. 

4.2. Adsorption experiment 

Adsorption experiments were performed to evaluate the removal capacity of the original 

and treated clays. The data showed clear differences in the removal percentages. It seemed 

that the physico-chemical characteristics of the clay samples have played an important role in 

the adsorptive behavior. Carbonate content enhanced the removal of the studied metals, 

especially the removal of Pb(II) increased linearly as function of the initial concentration. 

Specific surface area was another influencing factor in the removal mechanism.  
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4.2.1. Effect of initial concentration 

The effect of initial concentration on the adsorption of the selected metal ions was carried 

out with concentrations of 10, 20, 40, 60, 80 and 100 mg/L under the operating pH of 6 and 

agitation speed of 200 rpm within the equilibrium time of 60 min. As shown in Fig. 31, the 

removal amount increased with increasing initial metal concentration until the saturation of 

available adsorption site. The removal of Pb(II) by RS showed a linear increase due to 

precipitation as lead carbonate. After the equilibration time of 60 min, the removal capacity 

decreased from more than 100 mg/g for RS to 31.437 mg/g Pb(II) for TS because of the 

removal of carbonate minerals. The same behaviour was observed with Cu(II) and Zn(II) 

removal by S sample (RS and TS) with a decrease from 27.397 mg/g to 12.97 mg/g and from 

22.73 mg/g to 10.63 mg/g, respectively, but not for Cd(II). The amount of Cd(II) removed 

was 6.784 mg/g, 6.826 mg/g, 15.06 mg/g and 16 mg/g by RS, TS, RY and TY, respectively 

(Fig. 31). Thus, it is clear that the removal of cadmium was not influenced by carbonate 

content. As for RY and TY, they removed similar amounts of Pb(II), Cd(II), Cu(II) and Zn(II) 

due to the small amounts of carbonate in the raw sample, therefore the similar physico-

chemical properties of both forms (Table 10). 

4.2.2. Adsorption isotherms 

The isotherm constants, summarized in Table 11, showed the calculated Freundlich 

parameters (kF and n) that indicate favorable adsorption (0 < n < 1). In addition, the 

adsorption energy (E) given by D-R model suggested the physical nature of the removal 

mechanism in most cases (E < 8 kJ/mol). Moreover, the separation factor (RL) varied between 

0 and 1, confirming favorable adsorption under the experimental conditions of the study 

(Table 11). The maximum adsorbed capacity q0 (mg/g) and qm (mg/g), calculated from 

Langmuir and D-R, respectively, were comparable in most cases. So, it can be concluded that 

both isotherms describe the experimental results with better fit to Langmuir model due to the 

high coefficient of correlation (R2 ≈ 1). 

4.2.3. Effect of contact time 

The effect of contact time on the sorption of lead, cadmium, copper and zinc was analyzed 

kinetically over a range of 5-120 min (Table 12). In this study, the reaction was stimulated by 

shaking with clay samples (raw and carbonate free samples) at 200 rpm at 25°C with the 

initial metal solution of pH6. The initial metal concentration was 60 mg/L, 10 mg/L, 40 mg/L 

and 20 mg/L for Pb(II), Cd(II), Cu(II) and Zn(II), respectively, while the amount of clay was 
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1 g/L. The results show that adsorption process is clearly time dependent (Fig. 32). From this 

figure, it was observed that more than 95% of the total adsorptive capacity occurred within 30 

min, after what the removal further increased but to a much lower extent. From theoretical 

point of view, adsorption process requires long equilibration time while the practical 

approach needs a short contact time. Based on the kinetic results, an equilibration time of 60 

min was selected as a compromise between theoretical and practical approach.  

According to the experimental results, the removal of Pb(II) by RS is governed by the 

precipitation of lead carbonate because of high contents in carbonate minerals. Thus, lead 

was totally removed from solution within less than 5 min (Rouff et al., 2006). 

4.2.4. Kinetic study 

The adsorption of Pb(II), Cd(II), Cu(II) and Zn(II) onto raw (RS and RY) and carbonate-

free (TS and TY) clays was investigated kinetically using pseudo-first-order and pseudo-

second-order models. The adsorption of heavy metals onto the studied clay did not follow the 

pseudo-first-order model because of the big difference between experimentally measured and 

calculated amounts (Table 12). 

The pseudo-second-order kinetic model was also used to describe the sorption process. 

Both constants, k2 and qe, were calculated from the intercept and slope of the linear plot t/qt 

against t. The calculated and measured amounts of sorbed solute at equilibrium suggested that 

the process of Pb(II),Cd(II), Cu(II) and Zn(II) removal better fit to the pseudo-second-order 

than the pseudo-first-order kinetic model (Table 12). Moreover, the coefficients of 

determination R2 are higher than those obtained from the pseudo-first-order kinetic model. 

Similar results were found by Sari et al. (2007) who studied the removal of Pb(II) ions from 

aqueous solutions by Turkish kaolinite clay.  

4.3. Comparison to other studies 

Based on previous relevant studies, the amount of heavy metals removed by various clay 

materials is highly variable (Table 13). In the current study, natural clay samples 

demonstrated a substantial removal of metals when compared with treated forms. It was clear 

from the study data that the removal efficiency was dependent upon the physicochemical 

characteristics of the clay and the metal removed; The calculated Langmuir capacities were 

131.58 mg/g, 51.28 mg/g, 32.89 mg/g and 50.76 mg/g for lead, and 27.40 mg/g, 17.89 mg/g, 

12.97 mg/g and 17.10 mg/g for copper removal by RS, RY, TS and TY samples, respectively. 

The lowest removal occurred for cadmium and zinc. Generally, the removal remained 

roughly constant in the case of RY and TY; and decreased somewhat for the TS sample with 
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regards to RS because of carbonate removal. All these results indicate much higher removal 

efficiency for the present clay samples than was shown by Bhattacharyya and Gupta (2008), 

who reviewed the removal of metals like lead, cadmium, copper and zinc by various kinds of 

clay (Table 13). We found that the clay samples collected from southern Tunisia exhibited 

greater removal efficiency than those reported in literature. Therefore, it is plausible to 

confirm that the Coniacian-early Campanian clays of southern Tunisia are suitable for the 

removal Pb(II), Cd(II), Cu(II) and Zn(II) from aqueous solutions. 

5. Summary 

Clay samples of the Late Cretaceous Aleg formation, Tunisia, showed different 

mineralogical properties: the clay of Gabes area was mainly montmorillonite with substantial 

amounts of illite and kaolinite whereas the sample collected from Gafsa district contained 

high amounts of carbonates, kaolinite and illite.  

From the adsorption of heavy metal studies, both smectitic and calcareous clays could be 

used for several metal cations (Pb(II), Cd(II), Cu(II) and Zn(II)) removal in aqueous systems. 

Our study showed that good adsorptive capacities could be achieved under the operating 

conditions of 60 min contact time, pH 6 and clay concentration of 1 g/L. The experimental 

data demonstrated a high degree of fitness to the pseudo-second order kinetics and Langmuir 

model. From the comparative study of the current and previously published data, the studied 

clay samples exhibited greater removal efficiencies than was reported in literature. It is 

therefore possible to affirm that the Late Cretaceous clays from Tunisia are promising natural 

resources that can be effectively used to remove toxic metals from wastewater. Moreover, the 

investigation on multi-element removal will help to improve the knowledge of the main 

mechanisms involved in the removal of heavy metals by natural adsorbents.  
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Table 10 Chemical composition and some physico-chemical properties of the studied 
clay samples (% by weight) 

Elements and properties Natural samples Treated samples 
RS RY TS TY 

SiO2 40.096 57.567 57.144 61.759 
Al2O3 16.320 21.138 22.495 21.359 
Fe2O3 7.386 10.181 9.891 10.093 
CaO 26.667 2.370 2.372 0.324 
MgO 4.667 3.615 2.751 1.391 
TiO2 1.158 1.111 1.472 1.249 
K2O 3.060 1.744 3.604 1.635 
Na2O nd 0.605 - 1.608
P2O5 0.429 0.901 0.015 0.019 
SO3 nd 0.665 nd nd 
Cr2O3 0.067 0.046 - - 
MnO 0.083 nd 0.130 0.090 
SrO 0.050 0.031 0.047 0.024 
CuO 0.002 0.003 nd nd 
ZnO 0.018 0.020 0.024 0.023 
CdO nd nd nd 0.333 
PbO nd nd 0.005 nd 
SBET (m2/g) 17.843 71.940 10.222 59.141 
Fine fraction of < 2 µm (%) 42.751 88.533 - - 
CEC (cmol(+)/kg) 37.450 36.871 20.171 29.663 
Total pore volume (cm3/g) 0.041 0.122 - 0.093

  nd: not detected 
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Table 11 Adsorption isotherm constant values for Freundlich, Langmuir and D-R models 
  Freundlich   Langmuir   Dubinin-Radushkevich (D-R) 
  kF (L/g) n R2  q0 (mg/g) kL(L/mg) RL R2  qm (mg/g) β (mol2/kJ2) E (kJ/mol) R2 

Lead               

 

RS 21.962 0.460 0.9932  131.579 2.054 0.005 0.9825  149.325 0.067 9.355 0.9909 
RY 18.698 0.264 0.9954  51.282 0.436 0.022 0.9951  53.339 0.014 5.969 0.9859 
TS 14.256 0.211 0.9598  32.895 0.533 0.018 0.9983  35.061 0.014 6.016 0.9806 
TY 20.551 0.241 0.9911  50.761 0.552 0.018 0.996  53.144 0.015 5.729 0.9969 

Cadmium               

 

RS 21.577 0.236 0.8381  6.784 0.123 0.075 0.9775  7.392 0.033 3.901 0.6487 
RY 23.823 0.079 0.8478  15.062 0.279 0.035 0.9691  17.257 0.006 9.322 0.7474 
TS 23.121 0.255 0.9011  6.826 0.171 0.055 0.9624  7.314 0.035 3.793 0.646 
TY 27.040 0.092 0.9211  16.001 0.275 0.035 0.9713  18.644 0.006 8.961 0.8365 

Copper               

 

RS 13.801 0.142 0.9164  27.397 0.188 0.949 0.9891  23.478 0.014 5.970 0.7648 
RY 9.005 0.162 0.8902  17.889 0.472 0.979 0.9946  19.412 0.036 3.702 0.7677 
TS 5.542 0.191 0.9737  12.972 0.259 0.963 0.9893  15.161 0.061 2.853 0.4677 
TY 10.749 0.111 0.8989  17.094 0.858 0.988 0.9992  18.957 0.027 4.290 0.6571 

Zinc               

 

RS 16.253 0.082 0.9349  22.727 1.055 0.009 0.9979  25.358 0.012 6.345 0.3821 
RY 2.937 0.454 0.7953  15.601 1.477 0.007 0.9936  8.341 0.032 3.959 0.8934 
TS 8.918 0.003 0.8493  10.627 0.123 0.075 0.9915  18.585 0.095 2.288 0.883 
TY 14.521 0.015 0.6219  15.015 1.571 0.006 0.9797  15.636 0.029 4.123 0.4939 
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Table 12 Pseudo first and second order kinetic parameters for the sorption of Pb(II), 
Cd(II), Cu(II) and Zn(II) onto natural clay 

  Measured 
qe (mg/g) 

 Pseudo-first-order  Pseudo-second-order 
 k1 

(1/min) 
qe 
(mg/g) 

R2  k2 
(g/mg*min) 

qe (mg/g) R2 

Lead           
 RS -  - - -  - - - 
 RY 37.163  0.011 0.975 0.9934  0.008 37.924 0.9898 
 TS 20.163  1.082 0.989 0.9852  0.032 20.718 0.9998 
 TY 36.667  0.007 0.985 0.9408  0.076 36.865 0.9998 

Cadmium           
 RS 6.203  0.003 0.363 0.8012  0.141 6.134 0.997 
 RY 9.034  0.017 0.232 0.7673  1.036 9.036 0.9998 
 TS 5.923  0.006 0.275 0.0747  0.456 5.906 0.9998 
 TY 9.597  0.022 0.691 0.4807  0.229 9.432 0.9998 

Copper           
 RS 20.958  0.007 8.815 0.9894  0.008 21.355 0.9983 
 RY 17.307  0.005 3.341 0.9743  0.077 17.263 0.9998 
 TS 11.860  0.008 0.993 0.8361  0.02 11.903 0.9981 
 TY 17.547  0.006 2.352 0.4554  0.071 16.819 0.9996 

Zinc     

 

RS 16.023  0.018 10.543 0.961  0.009 16.68 0.9957 
RY 9.050  0.014 0.615 0.9327  0.051 9.222 0.999 
TS 13.368  0.033 4.181 0.965 0.224 13.386 1
TY 14.476  0.027 0.475 0.7593  0.434 14.476 1 
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Table 13 Comparison of adsorption capacity with those of previous removal studies 
with natural clays. 

Metal Sorbent qmax(mg/g) kL(L/mg) Reference  
     

Lead 

RS 131.579 2.054 Present study 
RY 51.282 0.436
TS 32.895 0.533 
TY 50.761 0.552 
Kaolinite clay 31.752 0.049 Sari et al. (2007)
Smectitic clay 25.001 0.990 Chaari et al. (2008) 
Illitic clay 25.440 0.041 Eloussaief and Benzina (2010) 
kaolinite 11.522 20.710 Bhattacharyya and Gupta (2006) 
Montmorillonite 31.061 30.962 

     

Cadmium 

RS 6.784 0.123 Present study 
RY 15.061 0.279 
TS 6.826 0.171 
TY 16.000 0.275 
Kaolin 3.040 0.072 Ulmanu et al. (2003) 
Bentonite 9.272 22.700 
kaolinite 6.782 32.302 Gupta and Bhattacharyya (2006) 
Montmorillonite 30.671 29.58 
Illite 5.263 0.383 Ghorbel-Abid et al. (2010) 

     

Copper 

RS 27.397 0.188 Present study 
RY 17.889 0.472 
TS 12.973 0.259 
TY 17.094 0.858 
Kaolin 4.472 0.150 Ulmanu et al. (2003) 
Bentonite 7.593 3.78 
Illitic clay 17.980 0.212 Eloussaief et al. (2009) 
Kaolinite 4.301 19.902 Bhattacharyya and Gupta (2008) 
Montmorillonite 25.502 43.704 

     

Zinc 

RS 22.727 1.055 Present study 
RY 15.601 1.477 
TS 10.627 0.123 
TY 15.015 1.571 
Bentonite 8.271 0.144 Kaya and Hakan Ören (2005) 
Montmorillonite 13.269 0.007 Lin and Juang (2002) 
Clinoptilolites 17.802 - Çoruh (2008) 
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Fig. 23. Distribution of the Late Cretaceous formations and locations of the collected 

clay samples (star) 
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Fig. 24. Nitrogen adsorption isotherms at 77 K for natural clay samples 

 

 
Fig. 25. Barret-Joyner-Halenda (BJH) pore size distribution 
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Fig. 26. Scanning electron micrograph of bulk and treated clay samples 

  



 
Fig. 27. Diffractograms of randomly oriented clay powder (S smectite, K kaolinite, Q 

quartz, C calcite, D dolomite, spacing is in angstrom). 
 

 
 
 

 
Fig. 28. X-ray diffractograms of oriented clay fractions (I illite, K kaolinite, Q quartz, S 

smectite; spacing is in angstrom) 
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Fig. 29. TG/DTA thermograms of natural clay samples 

 

 
Fig. 30. Infrared spectra of natural clay samples 
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Fig. 31. Effect of initial concentration on Pb(II), Cd(II), Cu(II) and Zn(II) adsorption 

onto natural clay samples 
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Fig. 32. Effect of contact time on Pb(II), Cd(II), Cu(II) and Zn(II) adsorption onto 

natural clay samples 
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Chapter 6 Competitive removal of heavy metals from aqueous solutions 

by montmorillonitic and calcareous clays 

1. Introduction  

Batch adsorption technique was used for the removal of Pb(II), Cd(II), Cu(II) and Zn(II) in 

single, binary and multi-component systems. The use of natural adsorbents is particularly 

beneficial for the development of cost effective process for heavy metal removal from 

wastewaters. The use of natural clays from Tunisia as a local adsorbent for the removal of 

heavy metals has been extensively investigated (Chaari et al., 2008; Eloussaief et al., 2009, 

2011; Eloussaief and Benzina 2010, Ghorbel-Abid et al., 2010; Sdiri et al., 2011). Among the 

studied natural clayey deposits, the Coniacian-Lower Campanian clays of Aleg formation, 

discovered in Jebel Oum el Aleg to the north of Gafsa (south of Tunisia) has the required 

technical specifications for use in various industrial applications, especially for heavy metal 

removal (Chaari et al., 2008; Sdiri et al., 2011). However, most of the studies mentioned 

above were directed to study the removal of heavy metals in single element systems. Actually, 

contaminated wastewaters contain more than one pollutants such as Pb(II), Cd(II), Cu(II) and 

Zn(II) cations that have to be removed before the final discharge in the receiving ecosystems. 

Adsorption onto cost-effective natural materials is the most commonly utilized technique due 

to its simplicity when compared to other methods like ion exchange and precipitation. In this 

study, we attempted to use natural clays without any pre-treatment in order to decrease the 

cost of the removal process. Moreover, the advantages of Tunisian clay in term of 

competitive adsorption of various metal cations were demonstrated as a continuation of our 

effort on valorizing the natural geological resources of Tunisia. The effects of impurities as 

well as the competitive cations on the adsorption of heavy metals were also emphasized. The 

importance of understanding the mechanisms involved in heavy metals removal from 

wastewaters lied on deciphering the mutual interactive behavior of both clay and metal 

removed, and between metal cations in mixed systems.  

2. Materials and methods 

Two natural clay samples (S and Y) were collected from the Coniacian-Early Campanian 

outcroppings of Gabes (Y sample) and Gafsa (S sample) areas (south of Tunisia) (Fig. 23). 

The preparation of the adsorbent as well as the adsorption experiments were described in 

chapter 5. 
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3. Results and discussions 

3.1. Characterization of clay samples 

 Physico-chemical properties of the studied clay samples were detailed in chapter 5. 

3.2. Adsorption experiment 

3.2.1. Adsorption in single-element system 

The adsorption of the selected metal ions was carried out with concentrations of Cd(II) 10 

mg/L, Zn(II) 20 mg/L , Cu(II) 40 mg/L, and Pb(II) 60 mg/L under the operating pH of 6 and 

agitation speed of 200 rpm within the equilibrium time of 60 min. Fig. 33 summarizes the 

main results. More detailed evaluation of heavy metal removal by natural clay samples could 

be found in chapter 5. 

3.2.2. Adsorption in binary system 

Fig. 34 shows the removal quantities of Pb(II), Cd(II), Cu(II) and Zn(II) by original and 

treated clay samples at pH 6 for all possible metal combinations in binary systems. The 

results show that Pb(II) has the highest removal efficiency. In Pb-Cd systems, more than 

24.87 mg/g of Pb(II) were removed, indicating that the presence of Cd(II) has a poor 

inhibitory effect on Pb(II) adsorption onto original and treated clays (Table 14). The removal 

amounts of Pb(II) in the presence of Cd(II) were 48.04 mg/g, 34.61 mg/g, 24.87 mg/g and 

35.2 mg/g for RS, RY, TS and TY samples, respectively. The carbonaceous clay (RS) 

removed 48.04 mg/g of Pb(II), but dramatically decreased for its carbonate free form (TS) 

(Fig. 34). Thus, the presence of carbonates in RS sample has an enhanced Pb(II) removal 

because of the precipitation of PbCO3. In contrast, smectitic clay samples (RY and TY), 

showed comparable removal capacities because of their similar physico-chemical properties 

(e.g. specific surface area and chemical composition). Such behavior was observed in all 

experiments regardless of the metal removed and the studied mixture. The removal efficiency 

of Cd(II) decreased substantially in the presence of Pb(II) compared with single element 

system (Figs. 4 and 5). Therefore, Pb(II) strongly depressed Cd(II) adsorption with an 

inhibitory effect on Cd(II) removal of 79.39%, 60.01%, 72.66% and 52.76% for RS, RY, TS 

and TY samples, respectively. Inversely, the inhibitory effect of Cd(II) on Pb(II) removal 

occurred to a much lower extent because of the higher selectivity for Pb(II) combined with 

the low competitive ability of Cd(II) with regards to Pb(II). It was interesting to note that, 

except for RS sample, the highest removal amounts of Pb(II) were observed in Pb-Cd system. 
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The interactive behavior of Pb-Cu system showed that the studied clay samples removed a 

higher amount of Pb(II) than Cu(II), proving their higher affinity to the former. Similar 

results were reported by Usman (2008), who studied the competitive adsorption of heavy 

metals onto Egyptian smectitic soils. However, the inhibitory effect of Cu(II) on Pb(II) 

removal was higher in all cases, except for the TS sample. It was found that the presence of 

Cu(II) strongly prevented the removal of Pb(II), with an inhibitory effect (IE) of 58.70%, 

34.41% and 46.12% for RY, TS and TY samples, respectively (Table 14).  

In the presence of Zn(II), the studied samples removed higher amounts of Pb(II) than in 

Pb-Cu system. This meant that Zn(II) was less effective than Cu(II) in preventing Pb(II) 

adsorption to the binding sites. Hence, it is plausible to account for low competition between 

Zn(II) and Pb(II), as confirmed by their different physico-chemical properties (Table 7).  

In the Cu-Cd system, the removal of Cd(II) was strongly affected by Cu(II). For instance, the 

presence of Cu(II) decreased Cd(II) removal by 82.62%, 68.77%, 77.84% and 66.98% for RS, 

RY, TS and TY, respectively. On the contrary, Cd(II) was the metal with less influence on 

the retention Cu(II) probably because of the existence of the specific sites for Cu(II) 

adsorption, so that when it is present, these sites would not be occupied by Cd(II) (Echeverria 

et al., 1998). In the Cu-Zn system, despite their similar ionic radii, the presence of Cu(II) 

affected the removal of Zn(II) to the same extent as that for Cd(II). This was expected since 

Cu(II) was predominantly adsorbed by all the studied samples over Cd(II) and Zn(II) because 

of its higher relative binding strength and lower ionization potential (Table 7). As for the Cd-

Zn system, it was observed that Zn(II) highly affected the removal of Cd(II) while Cd(II) 

slightly prevented the removal of Zn(II) cations, except for RS sample. Mahamadi and 

Nharingo (2010) found that, because of their similar physico-chemical properties, Cd(II) and 

Zn(II) should compete with the same order of magnitude. However, this was not the case of 

the present clay samples. Such behavior resulted from the combination of various factors 

including hydrolysis constant and relative binding strength, among others. In summary, the 

studied clay samples had the highest affinity for Pb(II) ions and the least affinity for Cd(II) 

ions. The adsorption affinity order was Pb(II) > Cu(II)>Zn(II)>Cd(II), showing a clear 

dependence to the physico-chemical properties of the studied metal to a higher extent than the 

adsorbent characteristics. Similar results were found by Pagnanelli, et al. (2003) and Qin et al. 

(2006). 
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3.2.3. Adsorption in ternary system 

Competitive sorption experiments were also performed by simultaneous removal of three 

metals under the same experimental conditions described above. The results indicated that in 

ternary systems, the removed amounts of metal cations decreased when compared with single 

and binary systems. This was expected because of the greater suppression of metal led to the 

increase in electrostatic repulsion. The results also showed higher affinity of the studied clay 

samples to Pb(II) and Cu(II) with the sequence of Pb(II) > Cu(II) > Zn(II) > Cd(II). A similar 

sequence has been reported for the competitive adsorption of several metals onto different 

soil samples by Usman (2008), who found a sequence of Pb(II) > Cu(II) > Zn(II) > Cd(II), 

confirming that Pb(II) had the highest affinity than other metals. Comparing the data obtained 

for lead, cadmium, copper and zinc, a strong relationship between metal removal efficiency 

and their first hydrolysis constant was observed (Kinraide and Yermiyahu, 2007; Appel et al., 

2008; Zhu et al., 2010). In this regard, metals with higher hydrolysis constant (eventually 

lower pKh) are specifically sorbed to a greater extent than that found for the present study 

(Vidal et al., 2009). 

Lead removal capacity of RS clay sample clearly increased from 18.76 mg/g in Pb-Cd-Cu 

mixture to 45.38 mg/g in Pb-Cd-Zn system. This indicates the high competitive behavior of 

Cu(II) toward Pb(II), probably because of their comparable relative binding strength, higher 

electronegativity and lower ionization potential (Kinraide and Yermiyahu, 2007). Similar 

results were obtained for RY, TS and TY samples, but the removal increased to a much lower 

extent probably because of the removal of carbonate minerals, the presence of which usually 

enhance the removal effectiveness of Pb(II). In Pb-Cu-Zn and Pb-Cd-Cu systems, the studied 

clay samples removed similar amounts of Pb(II), but much lower than those recorded in Pb-

Cd-Zn mixture. This was expected since the presence of Cu(II) suppressed the removal of 

Pb(II), while Zn(II) and Cd(II) poorly affected the removal of Pb(II). Therefore, the removal 

of Pb(II) increased for all samples in Pb-Cd-Zn system, but decreased in Pb-Cu-Zn mixture 

indicating the antagonistic effect of Zn(II) and Cu(II). As for copper, the removal efficiencies 

in Pb-Cd-Cu and Pb-Cu-Zn systems were quite similar due to the comparable ionic properties 

of Zn(II) and Cd(II), which imply that the two ions would compete similarly with Cu(II) ions. 

Moreover, the highest removal of Cu(II) by the studied clay samples was recorded in Cd-Cu-

Zn system because of the poor effects of both Cd(II) and Zn(II) on Cu(II) removal, as 

mentioned earlier. 

Finally, it is noteworthy that the studied clay samples removed low amounts of Zn(II) and 

Cd(II) compared with Pb(II) and Cu(II) in all cases probably because of their low 
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electronegativity combined with high hydrolysis constant and ionization potential (Table 7). 

In addition, it was clearly observed that both RY and TY clay samples removed comparable 

higher amounts of metals than RS and TS, except for Pb-Cd-Zn system (Fig. 35). 

Furthermore, the removal amounts of both Pb(II) and Cu(II) by RS clay sample clearly 

decreased after the removal of carbonate minerals. The solubility products of CuCO3 and 

PbCO3 were 1.4×10-10 and 7.4×10-14, respectively. This clearly indicated the precipitation of 

lead carbonate and copper carbonate under the condition of our experiments.  

To summarize, the adsorption of Pb(II), Cu(II), Cd(II) and Zn(II) by natural clay samples 

depended on the properties of both metals and adsorbents(Sdiri et al., 2011). According to 

Usman (2008) and Vidal et al. (2009), the physical properties of the studied metals including 

electronegativity, softness, ionic radius and hydrolysis constant may affect metals adsorption. 

The correlation between metal properties and its removal capacity by natural clay samples 

seemed to be even more important than the adsorbent properties (Pagnanelli et al., 2003).  

3.2.4. Adsorption in quadruple system 

Mixed metal sorption of Pb(II), Cd(II), Cu(II) and Zn(II) ions by natural clay samples was 

also investigated to establish the effect of the presence of three metal ions on the removal of 

each one of them. In this analysis, the reaction was simulated by shaking with clay samples 

(raw and carbonate free samples) at 200 rpm for 60 min to reach equilibrium with the initial 

metal solution of pH 6. The initial solution concentration was 60 mg/L, 10 mg/L, 40 mg/L 

and 20 mg/L for Pb(II), Cd(II), Cu(II) and Zn(II), respectively, while the amount of clay was 

1 g/L. Fig. 36 reveals that the studied clay samples had a high affinity to Pb(II), leading to the 

highest removal amounts. For instance, Pb(II) removal efficiency was 15.9 mg/g, 16.1 mg/g, 

8.3 mg/g and 15.1 mg/g for RS, RY, TS and TY samples, respectively. The sorption capacity 

of Cu(II) was about 7.7 mg/g, 8.1 mg/g, 4.0 mg/g and 7.7 mg/g for RS, RY, TS and TY 

samples, respectively. This also indicated the high affinity to Cu(II), though lower than Pb(II). 

According to the experimental results, the removal of Pb(II), Cd(II),Cu(II) and Zn(II) by 

natural clay samples is governed by the properties of the studied metals (i.e. relative binding 

strength, hydrated radius and hydrolysis constant) as well as the adsorbent properties. 

Therefore, it was expected that Pb(II) and Cu(II) would show high competitive abilities for 

the surface sites. In addition, the precipitation of lead and copper carbonates may be adopted 

as possible removal mechanism due to the high carbonates content in the original sample 

(RS).  
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As for Cd(II) and Zn(II), it was clearly observed that only RY and TY clay samples 

removed measurable amounts of Zn(II), but negligible amounts of Cd(II). Thus, it could be 

assumed that the studied clay samples removed the following sequence Pb(II) > Cu(II) > 

Zn(II) > Cd(II), indicating that the studied metals competitively interacted with original and 

treated clay samples. 

3.3. Comparison to other studies 

Based on previous relevant studies, the amount of heavy metals removed by various 

natural and synthetic adsorbents is highly variable (Table 15). In the current study, the 

original clay samples demonstrated substantial removal amounts of metals when compared 

with treated forms. It was clear from the study data that the removal efficiency was dependent 

upon the physicochemical characteristics of the clay sample and the metal removed. In single 

element system, the calculated Langmuir capacities were 131.58 mg/g, 51.28 mg/g, 32.89 

mg/g and 50.76 mg/g for lead, and 27.40 mg/g, 17.89 mg/g, 12.97 mg/g and 17.10 mg/g for 

copper removal by RS, RY, TS and TY samples, respectively (Sdiri et al., 2011). The lowest 

removal occurred for cadmium and zinc. This was further confirmed in binary, ternary and 

quadruple systems (Table 15). For instance, the removal of Pb(II) by RS sample decreased to 

48.04 mg/g, 15.63 mg/g and 50.10 mg/g in Pb-Cd, Pb-Cu and Pb-Zn systems, respectively, 

while the removal amounts of Cu(II) decreased to 11.14 mg/g, 14.86 mg/g and 12.85 mg/g 

for Cu(II) adsorption by RY sample in Pb-Cu, Cd-Cu and Cu-Zn, respectively. This may 

indicate the competitive effects as well as the high affinity of carbonate rich clay to both 

Cu(II) and Pb(II). This competitive behavior might be explained by the difference in the 

physical properties of the studied metals. The adsorption of the metals in the multi-element 

system followed their corresponding behavior in single-element systems. Our results revealed 

that metals with higher hydrolysis constants (Pb(II) and Cu(II)) were more readily adsorbed 

to the surface at lower pH. Similar results were found by Srivastava et al. (2005), who 

mentioned that Cu(II) and Pb(II) removal started at pH 5.0, while Cd(II) adsorbed onto 

permanent charge sites at pH 7.5. Moreover, just the presence of Cu(II) and Pb(II) suppressed 

the adsorption of Cd(II) and Zn(II) due to their high relative binding strength, 

electronegativity and hydrolysis constant combined with lower ionization potential, therefore 

higher competitive capacity (Table 7). In the case of RY and TY, the removal remained 

roughly constant, but decreased for the treated S sample (TS) with regards to RS because of 

carbonates removal. All these results indicate higher removal efficiency for the present clay 

samples than was shown by multiple sorbents, especially for Pb(II) and Cu(II) (Table 15). 
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This indicates that the clay samples of southern Tunisia exhibited greater removal efficiency 

than those reported in literature and confirm their appropriate use for the removal Pb(II), 

Cd(II), Cu(II) and Zn(II) in single and mixed systems.  

4. Summary 

The adsorption of heavy metal cations (Pb(II), Cd(II), Cu(II) and Zn(II)) removal in a single 

and multi-elements system onto clay samples of the Coniacian- Early Campanian Aleg 

formation, Tunisia, followed Pb(II) > Cu(II) > Zn(II) > Cd(II). In the binary, ternary and 

quadruple solute systems, the adsorption capacity decreased for each metal due to 

competitive effect. In addition, the removal of Pb(II) ions in the presence of other metals 

showed greater potential than the removal of other metals in the presence of Pb(II). Such 

findings are contingent upon some physical properties of the studied metals (i.e., relative 

binding strength, hydrated radius, electronegativity and hydrolysis constant). Our study 

showed that good adsorptive capacities could be achieved under the operating conditions of 

60 min contact time, pH 6 and clay concentration of 1 g/L at 25°C. The obtained results 

demonstrated that, in addition to the adsorption to the reactive sites, ion exchange with Ca(II) 

and the precipitation as metal carbonates were possibly involved as effective immobilization 

mechanisms, especially for Pb(II) and Cu(II). From the comparative study of the current and 

previously published data, the studied clay samples exhibited greater removal efficiency than 

was reported in literature. It is therefore possible to affirm that the Late Cretaceous clays 

from Tunisia can be effectively used as natural adsorbents for toxic heavy metals removal 

from wastewaters.  
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Table 14 Inhibitory effect of a metal on the adsorption of competing metals (%)  

Sample        Inhibitor 
Inhibited 

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

RS Pb(II) - - - - 
 Cd(II) 79.391 - 82.616 66.487 

 Cu(II) 55.902 13.197 - 10.179 
Zn(II) 75.953 72.536 88.503 - 

      
RY Pb(II) - 8.563 58.705 24.438 

 Cd(II) 60.021 - 68.772 48.948 
 Cu(II) 33.013 10.641 - 46.422 
 Zn(II) 50.342 20.643 62.602 - 
      

TS Pb(II) - - 34.410 - 
 Cd(II) 72.557 - 77.836 62.478 
 Cu(II) 39.601 13.504 - 18.704 
 Zn(II) 66.112 43.778 72.222 - 
      

TY Pb(II) - 2.650 46.128 22.096 
 Cd(II) 52.763 - 66.985 44.374 
 Cu(II) 34.744 10.721 - 25.626 
 Zn(II) 51.182 23.125 63.542 - 
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Table 15 Comparison of adsorption capacity (mg/g) with those of previous removal studies with natural clays 
Sorbent Binary Systems           
 Pb-Cd Ref. Pb-Cu Ref. Pb-Zn Ref. Cd-Cu Ref. Cd-Zn Ref. Cu-Zn Ref. 
 Pb Cd  Pb Cu  Pb Zn  Cd Cu  Cd Zn  Cu Zn  
RS 48.041 1.150  15.632 8.618  50.101 3.662  0.971 16.971  1.870 4.181  17.562 1.750  
RY 34.612 3.612  19.901 11.144  28.602 6.643  14.862 2.820  4.610 10.614  12.853 5.001  
TS 24.871 1.569  11.970 6.623  21.141 3.050  9.482 1.272  2.152 5.060  8.910 2.502  
TY 35.203 4.449  19.478 10.949  28.171 7.030  14.983 3.110  5.244 11.072  12.482 5.253  
Bentonite    18.077 17.090 Morales 

Futalan et al. 
(2011) 

            

Soil 6.690 3.609 Appel et al. 
(2008) 

               

Natural Zeolite 21.741 2.601     13.930 1.201     4.640 1.110 Minceva et al. 
(2007) 

   

Sediments 20.513 2.252 Oh et al. (2009)                
Hydroxyapatite                95.961 76.520 Corami et al. 

(2007) 
Calcareous soil                0.802 0.303 Mesquita et al. 

(1996) 
Bentonite           7.560 5.801 Ulmanu et 

al. (2003) 
      

kaolinite          - 4.362       
Illite                10.001 4.202 Oubagaranadin 

et al. (2010) 
 Ternary systems           
 Pb-Cd-Cu Ref. Pb-Cd-Zn Ref. Pb-Cu-Zn Ref. Cd-Cu-Zn Ref. 
 Pb Cd Cu  Pb Cd Zn  Pb Cu Zn  Cd Cu Zn  
RS 18.760 0.301 8.751  45.380 0.802 2.580  20.422 9.520 0.76  0.760 16.950 1.860  
RY 23.112 1.530 10.802  29.151 2.181 6.001  21.179 10.383 3.39  1.969 12.182 4.943  
TS 13.422 0.370 5.431  22.452 0.851 2.602  13.101 6.339 1.25  0.833 7.502 2.321  
TY 22.931 1.522 10.052  27.740 2.380 6.221  21.102 9.752 3.36  2.044 11.050 5.141  
Smectite 16.760 11.232 11.862 Arpa et al. (2000)             
Montmorillonite     2.490 1.462 0.890 Saha 

et al. 
(2002) 

        

Brownfield 
deposits 

0.580 0.246 0.281 Markiewicz-Patkowska 
et al. (2004) 

            

Greek lignite     9.952 9.867 9.823  9.950 9.751 9.823  9.867 9.751 9.823 Pentari, et al. 
(2009) 
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Fig. 33. Single element adsorption onto natural clay samples 
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Fig. 34. Adsorption of Pb(II), Cd(II), Cu(II) and Zn(II) by natural clays in binary 

systems 
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Fig.34. (continued) 



91 

0

10

20

30

40

50

RS RY TS TY

Pb
 r

em
ov

al
 (m

g/
g)

Pb-Cd-Cu

Pb-Cd-Zn

Pb-Cu-Zn

0

10

20

30

40

50

RS RY TS TY

C
d 

re
m

ov
al

 (m
g/

g)

Pb-Cd-Cu

Pb-Cd-Zn

Cd-Cu-Zn

0

10

20

30

40

50

RS RY TS TY
Zn

 r
em

ov
al

 (m
g/

g)

Pb-Cd-Zn

Pb-Cu-Zn

Cd-Cu-Zn

0

10

20

30

40

50

RS RY TS TY

C
u 

re
m

ov
al

 (m
g/

g)

Pb-Cd-Cu

Pb-Cu-Zn

Cd-Cu-Zn

 
Fig. 35. Adsorption of Pb(II), Cd(II), Cu(II) and Zn(II) by natural clays in ternary 

system 
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Fig. 36. Adsorption of Pb(II), Cd(II), Cu(II) and Zn(II) by natural clays in quadruple 

system 
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Chapter 7    General discussion  
This study has been carried out to use the natural geological resources from Tunisia, 

including the Abiod limestones and the clay deposits of Aleg formation as natural adsorbents 

for heavy metal removal from wastewater. The objectives of the present study were to (1) 

characterize the natural resources by using different techniques, including thermogravimetic 

analysis (TG/DTA), Fourier transform infrared spectroscopy (FTIR), X-ray diffraction 

analysis (XRD) and X-ray fluorescence analysis (XRF), (2) evaluate their capacities in 

removing toxic metals from aqueous solutions in mono- and multiple-elements systems, (3) 

simulate the removal of the selected metals in terms of kinetic and thermodynamic studies, 

and (4) discuss the feasibility of using natural carbonates and clays in wastewaters treatment.  

From the mineralogical and spectroscopic investigations, it was concluded that the studied 

limestone samples of southern Tunisia contained up to 99.6% calcium carbonate, whereas 

those of the northern area (SD1 and SD2) contained less than 80% calcium carbonate as well 

as 23% silica. Iron and aluminum oxide percentages were higher in the SD1 and SD2 samples 

than in the southern ones. The non-carbonate minerals consisted of smectite, illite, kaolinite, 

quartz and feldspar. Although southern samples have been considered as high purity 

limestone, they contained small amounts of clays composed of different minerals with the 

dominance of smectite, kaolinite, illite and mixed layer minerals of smectite/illite. Data from 

the removal experiments using a batch system showed that Tunisian natural limestones were 

highly efficient in the removal of heavy metals (Pb(II), Cd(II), Cu(II) and Zn(II)) from an 

aqueous solution. Chemisorption and precipitation were the main processes that influenced 

removal rates, especially for the purest limestone samples of southern Tunisia. Although the 

southern samples are generally considered as high purity limestone, they did contain different 

amounts of clay minerals which positively influenced adsorptive capacities. Limestone from 

northern Tunisia, containing higher concentrations of impurities such as silica, iron and 

aluminum oxides, showed much better removal efficiency than the limestones of the southern 

area. It is therefore recommended as an efficient adsorbent for the removal of selected heavy 

metals from wastewaters. For all the studied metals, more than 75% removal efficiency was 

achieved with a low grade limestone sample from the 10 mg/L heavy metal solution. Kinetic 

data demonstrated a high degree of fitness to the pseudo-second order and intra-particle 

diffusion models indicating that the removal of the studied metals was partly governed by 

those rate limiting steps.  
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As for the clay samples of the Late Cretaceous Aleg formation, Tunisia, different 

mineralogical properties were shown: those of Gabes area consisted mainly of 

montmorillonite with substantial amounts of illite and kaolinite whereas the sample collected 

from Gafsa district contained high amount of carbonates, kaolinite and illite. The studied clay 

samples had an overall mesoporous structure with modest specific surface areas of <71 m2/g.  

From the adsorption studies of heavy metal in batch system, it was concluded that both 

smectitic and calcareous clays could be used for several metal cations (Pb(II), Cd(II), Cu(II) 

and Zn(II)) removal in aqueous systems. Our study showed that high adsorptive capacities 

could be achieved under the operating conditions of 60 min contact time, pH 6 and clay 

concentration of 1 g/L. The experimental data demonstrated a high degree of fitness to the 

pseudo-second order kinetics and Langmuir model, indicating the dependence of the reaction 

on both entities (i.e., heavy metal and natural adsorbent) and confirming a monolayer 

adsorption of the studied metal cations onto natural clay samples from Aleg deposits. From 

the comparative study of the current and previously published data, the studied clay samples 

exhibited greater removal efficiencies than was reported in the previous literature.  

Our study showed that natural limestone samples were highly efficient in the removal of 

heavy metals (Pb(II), Cd(II), Cu(II) and Zn(II)) from an aqueous solution. Limestone from 

northern Tunisia, containing higher amounts of silica, iron and aluminum oxides, showed 

much better removal efficiency than the pure limestones of the southern area. Therefore it 

was expected that different mechanisms, including precipitation, coprecipitation and sorption 

would be involved in the removal of heavy metals by Tunisian limestones (Fig. 37). 

Chemisorption and precipitation were the main processes that influenced removal rates. Pure 

limestone samples retain metal cations via chemical reactions (Fig. 38a). The lower purity 

limestone involved other physico-chemical processes like chemisorptions and adsorption to 

the edge groups (i.e., silanol groups) in addition to chemical phenomenon (Fig. 38). Hence, it 

showed higher removal rate than the purest samples. Despite the fact that it was not possible 

to quantitatively evaluate the contribution of each mechanism, the use of adsorption models 

such as intra-particle diffusion and pseudo-second-order models was useful in term of 

qualitative interpretation. 

As for clay samples, our study showed that both smectitic and calcareous clays could be 

used for several metal cations (Pb(II), Cd(II), Cu(II) and Zn(II)) removal in aqueous systems. 

Due to their textural properties (i.e., porosity and specific surface area), clay samples from 

the Aleg formation involve the edges group in the retention of divalent cations. They showed 

higher removal efficiencies through various mechanisms, including ion exchange, adsorption, 
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chemisorption, and precipitation and co-precipitation. Fig. 37 shows the removal (mg/g) of 

the studied metals by the original S clay, containing high amount of carbonates and its 

relative carbonate-free subsample. It was concluded that the presence of carbonate promote 

the removal of Pb(II), Cu(II) and Zn(II), but not Cd(II). For instance the removal of Pb(II) 

decreased from more than 100 mg/g to 18.75 mg/g indicating that more than 80% of lead 

removal was achieved by precipitation of lead carbonate while less than 19% of lead was 

removed via adsorption mechanism. The same conclusions were adopted for Cu(II) and 

Zn(II), though to a lower extend, but not for Cd(II).  
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Fig. 37. Effect of carbonates on the removal of heavy metals by clay in single system 

    RS: Original S clay 
    TS: Treated S clay 
 

100.00

19.55 15.22
5.5818.25

10.96 9 5.73
0

20

40

60

80

100

120

Pb Cu Zn Cd

R
em

ov
al

 (m
g/

g)

RS

TS



96 

0

10

20

30

40

50

S C G Z

C
on

ce
nt

ra
tio

n 
(m

g/
L

)
Pb

Cd

Cu

Zn

CaCO3 + 2H+ Ca2+ + H2CO3

H2CO3 H+ + HCO3
-

M2+ + 2 HCO3
- MCO3 + 2H+  

(a)

(b) (c)
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Chapter 8    Conclusions  
Removal of the heavy metals by Tunisian limestones and clays was confirmed. Especially, 

limestones can remove lead well by the process of precipitation at low pH value. 

Chemisorption and precipitation were the main processes that influenced removal of the 

studied metals in aqueous system. Limestone from northern Tunisia, containing higher 

concentrations of impurities such as silica, iron and aluminum oxides, showed much better 

removal efficiency than the limestones of the southern area. The higher removal percentage 

achieved by the low grade limestone was ascribed to the presence of surface silanol group 

that may be involved in the removal mechanism through chemical bonding. Furthermore, 

physico-chemical properties of the studied metal cations were determining factors in the 

removal of each metal. For instance, metal cation with higher electronegativity and relative 

binding strength was more readily adsorbed to the natural adsorbent (i.e., limestone and clays)  

The presence of different kind of edge groups (i.e., aluminol, silanol and siloxane) sustains 

the retention via chemisorption and physisorption (Fig. 38b). The experimental data, 

performed on smectitic and calcareous clays, demonstrated a high degree of fitness to the 

pseudo-second order kinetics and Langmuir model.  

In addition, the physical properties of metals play an important role in the removal process. It 

was observed that the studied heavy metals interacted with limestone in different ways, 

leading to variable concentration of Ca(II) in the solution. For instance, the presence of 

cadmium depressed calcite dissolution when compared to other metals; especially copper and 

zinc enhance calcium carbonate dissolution. Therefore, the interactive behavior between the 

sorbent (e.g. limestone and clays) favors a specific mechanism depending on various factors 

(e.g., experimental conditions, metal cations…etc). Fig. 38 summarizes the main processes 

that control the removal of heavy metals by the natural limestones and clays of the Late 

Cretaceous deposits outcropping in various locations in Tunisia. Results of the current study 

demonstrated that natural adsorbents from Tunisia (i.e., limestone and clays) could be used as 

a cheap alternative for the removal of several heavy metals from contaminated wastewaters.
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