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Lead’s uptake on magnetite has been quantitatively evaluated in the present study at a 

temperature of 200°C and pH of 8.5 with lead concentrations ranging from 5 ppm to175 ppm by 

equilibrium adsorption isotherms. The pH independent sorption behavior suggested lead sorption 

due to pH independent permanent charge through weak electrostatic, non-specific attraction 

where cations are sorbed on the cation exchange sites. The permanent negative charge could be a 

consequence of lead substitution which is supported by increase in the lattice parameter values 

from the X-ray diffraction (XRD) results. Differential scanning calorimetry (DSC/TGA) results 

showed an increase of exothermic (magnetite to maghemite transformation) peak indicating 

substitution of lead ions due to which there is retardation in the phase transformation. Presence 

of outer sphere complexes and physical sorption is further supported by Fourier transformed 

infrared spectroscopy (FTIR). None of the results suggested chemisorption of lead on magnetite.  
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CHAPTER 1 

INTRODUCTION 

1.1 Importance of the Study 

Many metallurgical and mining processes involve handling large volumes of process 

water that is contaminated with heavy metals like lead. Sources of lead are very common in 

electroplating facilities, electrolytic refining plants, lead smelting, tetraethyl lead manufacturing, 

mining, ammunition, ceramic glass industries, storage batteries and acid mine waters [1, 2]. Lead 

has been observed to initiate stress corrosion cracking (SCC) in steam generator (SG) tubing 

materials made of 600,800 and 690 alloys in pressurized water reactors (PWRs) of nuclear power 

plants and has become an important issue to deal with in industry today. This harmful heavy 

metal can be immobilized by its interaction or sorption on various surfaces like that of iron 

oxides. So it becomes important to understand the mechanism involved during this interaction 

and characterize these interactions as a function of various variables like pH, concentration and 

time which can help us controlling the transport and fate of this species in aqueous environments. 

Such studies can help us in finding the root cause of stress corrosion cracking (SCC) in the alloys 

mentioned and help preventing it. Sorption can be considered as transfer of lead ions from the 

solution phase to the solid surface induced by the presence of magnetite surface or accumulation 

of these ions at the solid/solution interface. 

1.1.1 Environmental Concerns 

Lead contamination of the environment posing a threat to human health and the 

surrounding environment is well known. Cation of lead, Pb2+, as a free metal ion in solution is 

bio available and toxic. Lead has been declared by the United States Environmental Protection 

Agency (EPA) as the most common metal at hazardous waste sites. Lead and its compounds 
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have been found at 635 out of 1177 sites on the National Priorities List Of Hazardous Waste in  

the United States [Agency for toxic substances and disease registry ASTDR, 1990]. Unlike many 

hazardous organic constituents, it cannot be degraded or readily detoxified. It has the potential to 

affect not only the microbial communities but also the groundwater contamination and hence 

toxicological impact on human health. Pb+2 is a common metal that tends to accumulate in 

organisms, causing numerous diseases and disorders [3]. Lead can damage the nervous system, 

kidneys and reproductive system, particularly in children [4]. 

1.1.2 Industrial Concerns/Stress Corrosion Cracking  

Nuclear power is the second largest source of electricity generation in the United States. 

Some of the nuclear units are PWRs and some are boiling water reactors. Some corrosion issues 

have been associated with PWR steam generators leading to replacement of generators and 

premature shutdown of plants, which has significant impact on nuclear power plant efficiency. 

These problems have caused substantial losses of power generation, large repair and 

maintenance cost. They have public safety and health risks associated with them.  Currently the 

most common form of failure is intergranular attack (IGA) /stress corrosion cracking (SCC). 

Lead has been postulated for producing secondary side stress corrosion cracking of steam 

generators. Lead dissolved in water with concentrations as low as 0.1 ppm can cause lead stress 

corrosion cracking (PbSCC) in alloys INCONEL® 600 ,690 and 800 on tubing in operating 

conditions of steam generators in pressurized water reactors [5]. This degradation causes cracks 

to form and grow, and leak primary water into the secondary loop. It can cause tubes to rupture. 

It is caused when tube material is attacked by chemical impurities from the secondary-loop 

water.  
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Several studies indicate that lead is always present to some extent on the secondary side 

of steam generators and can contribute to stress corrosion cracking of nickel alloys. Lead has 

been identified in the cracks of several tubes from PWRs which has several locations where lead 

can be accumulated or deposited in solid state with concentrations exceeding to that required to 

accelerate cracking estimated from laboratory experiments. However no extensive failures as 

predicted from laboratory studies at this rate have been observed which might be indicative of 

the fact that there might be some phenomenon which is responsible for suppressing lead’s effect 

on SCC. Adsorption might be this mitigating phenomenon responsible to immobilize lead [6]. 

The goal of this project would be to study the extent to which and the conditions under 

which lead gets adsorbed onto magnetite which is present in the secondary side of the steam 

generator. The data will be useful to understand, find the root cause and prevent lead assisted 

stress corrosion cracking in operating PWR steam generators.  

1.1.3 Sorption on Oxides 

Sorption is an important process, which governs the mobility of metal species in aqueous 

solutions. Sorption techniques have a definite edge over other techniques, simplicity and cost 

effectiveness, removal of metal ions over a wide pH range being some of the advantages. The 

sorption reaction of heavy metals controls their aqueous phase concentration and residence time 

in many natural and engineered aquatic environments. 

In spite of the threshold concentrations being so low and the available lead so high, there 

are no extensive failures due to lead stress corrosion cracking in operating conditions of steam 

generators in water reactors but SCC has been observed to be more probable as water chemistry 

is made pure.  
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The answer might be lying in the fact that lead is immobilized by forming stable 

adsorbed states with oxides such as magnetite and hematite in operating conditions of steam 

generators in pressurized water reactors. In this way lead stress corrosion cracking might be 

getting inhibited and if the water chemistry management produces more pure systems then fewer 

species would be available that lead can react with to lower its chemical activity. Magnetite has 

been observed to provide some kind of protection against the PbSCC attack and it has been 

postulated that lead may be being adsorbed on magnetite deposits preventing it to reach the alloy 

surface where it accelerates SCC [5].  

The adsorption of ions on iron oxides regulates the mobility of species in various parts of 

the ecosystem (soils, rivers, lakes) and thereby their transport between these parts. In such 

environments various ions compete with each other for adsorption sites. Iron oxides are present 

in soils and aquatic sediments as discrete particles or coatings and many studies have shown that 

the fate of heavy elements like lead in soils and aquatic environments is largely controlled by 

their interactions with these iron oxides. 

Iron oxides have high surface area, high surface charge and strong affinity so can be used 

to sequester cations in proportions that are strongly a function of solution composition and pH. 

Other advantages of using Fe-compounds for lowering heavy metal contents are low cost, easy 

availability and lack of health risk. 

To predict the fate of lead transport in the aqueous environments, it is important to 

understand the mechanism by which it gets sorbed on the oxides. Sorption can occur by different 

mechanisms. Lead can diffuse into the micropores of the oxides or it can surface precipitate. 

Cation exchange or chemisorption can occur. There can be a possibility of these mechanisms 

occurring simultaneously or one preceding the other. 
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1.2 Lead Assisted Stress Corrosion Cracking in Steam Generator Tubings of Pressurized Water 

Reactors    

1.2.1 Pressurized Water Reactors (PWRs) 

Pressurized water reactors have a reactor core which generates heat which is carried by 

 the pressurized water in the primary coolant loop to the steam generator. Steam generator 

vaporizes the water in a secondary loop to drive the turbine which produces electricity.  

Heated water is carried out of the reactor core by the primary loop to the steam generator. 

Here the heat is transferred to the secondary loop. Pressure in the reactor and the primary loop is 

very high which permits the water to be heated to a temperature of around 300oC without 

boiling. Tubes containing primary loop water, which is radioactive, heat up the secondary loop 

water and convert it into steam. This cools the primary loop water to about 250oC. The primary 

loop water is then pumped through the reactor again reheating the water and starting the cycle 

over. In the secondary loop steam leaves the SG meanwhile at a temperature of about 200oC and 

at a pressure well below that of primary loop. Steam is then piped to a turbine generator where it 

expands and spins a turbine to generate electricity.  The steam leaving the turbine, now at a 

lower pressure than when it leaves steam generator, is converted back to water in the condenser 

and returned to the steam generator to begin the secondary cycle again.  

In a PWR, steam generator tubings are made of alloy 600, 800 or 690 and steam is 

produced on the outer diameter side. High quality and small diameter thin walled tubing is 

required to efficiently generate electric power from nuclear PWRs. The tubings are used in steam 

generators to transfer heat from hot reactor water circulating through the bore of the tubing 

(primary side) to cold feed water on the tubing outside surface (secondary side). The feed water 

is converted to steam that drives the turbine for electric power generation. Steam generators of 
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pressurized water reactors constitute the thermal link between the reactor coolant system and the 

feed water/steam cycle and represent the majority of the reactor coolant pressure boundary. 

Alloy 600 tubes form a pressure boundary between the primary water and the secondary side. 

But this alloy has shown high susceptibility to SCC on both primary and secondary sides under 

operating conditions. These tubes have been a matter of concern in terms of plant shut down, 

inspection, plugging tube cost and reparation. Tubes in SG are exposed to thermal and 

mechanical loads due to which severe corrosion damage is done to these tubes made of alloys 

600 and 690 and can even lead to their failure [7].  

The tube alloy INCONEL® 600  mill-annealed has been used widely in original SGs 

through out the world. It is a thin nickel alloy material that has been proven susceptible to many 

forms of cracking. Thermally treated INCONEL® 690 has taken place of INCONEL® 600  in 

many units as it has proved to be at least 9 to 10 times more resistant to secondary loop cracking 

than INCONEL® 600  mill-annealed.  

Various corrosion types have been observed in SG. Primary water stress corrosion 

cracking PWSCC has been observed on inner diameter side of the tubing and intergranular attack 

(IGA) and stress corrosion cracking (SCC) have been observed on the outer diameter side. Outer 

diameter SCC is caused when the material is attacked by chemical impurities from the secondary 

loop water and occurs primarily within tube sheet crevices and other areas where impurities 

concentrate. Inner diameter SCC is cracking of SG tubes occurring at the tangent point and apex 

of U-tube bends, at the tube sheet roll transition and in tube dents and occurs when INCONEL® 

600   tubing is exposed to primary loop water.   

The crevice formed by the tube/tube support plate intersection in SG of PWR is a 

concentration site for non volatile impurities in the SG water. Mass transport is restricted in the 
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small crevice which prevents the impurities, which concentrate during the generation of steam, to 

quickly disperse in bulk water. This contributes to IGA/SCC. 

1.2.2 Stress Corrosion Cracking in PWR SGs 

When interaction of corrosion and the mechanical stress produces a failure by cracking, it 

is termed as stress corrosion cracking. It can cause loss of mechanical strength, breach of 

pressure boundary via small thru-wall cracks and catastrophic failure of components. The basic 

mechanisms involved are active path dissolution, hydrogen embrittlement and film induced 

cleavage. Active path dissolution is when corrosion accelerates along a path of higher than 

normal corrosion susceptibility with the bulk of metal being passive example a grain boundary 

where segregation of impurity elements can make it more difficult for passivation to occur. 

Dissolved hydrogen assists in the fracture of metal by possibly making cleavage easier or 

possibly by assisting in the development of intense local plastic deformation which leads to 

embrittlement. If a normally ductile metal is coated with a brittle film then a crack initiated in 

that film can propagate into the ductile material for a small distance. Film induced cleavage 

normally gives transgranular fracture. The stresses that cause SCC are either produced as a result 

of the use of component in service or residual stresses introduced during manufacturing. It 

requires combination of a material with a particular environment and the application of a tensile 

stress above a critical value. 

Stress corrosion cracking is a form of corrosion that affects certain components of 

pressurized water reactors and in particular the primary and secondary circuits of steam 

generators. It occurs on the secondary side in confined areas or locally restricted geometry on the 

outer diameter side where impurities in the bulk water become concentrated by boiling processes 

to extreme pH and can accelerate corrosion. Limited water rates and differences in heat flows 
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might be responsible. Although SG feedwater contains impurities at extremely low levels, 

impurities accumulate along with corrosion products in cracks, crevices and sludge piles by 

thermo hydraulic or “concentration” mechanism [8]. In the case of SG crevices, temperature 

gradient across the SG tube produces boiling in the crevice. This leads to the ejection of steam 

from the crevice and flow of water into it. The coupling of diffusive and convective fluxes within 

the crevice and the lower stability of the impurities in steam compared with water leads to 

impurity concentrations in the crevice that may be many orders in magnitude greater than that in 

feedwater. The three locations where impurities can be concentrated are the tube support plate 

TSP crevice, the tubesheet crevice and the sludge/tubing crevice. 

1.2.3 Role of Lead in SCC of SGs 

 Lead is a heavy metal and has an atomic weight of 207.2. In aquatic systems lead loses 

two of it’s 6p electrons and gains a net charge of +2. The remaining 6s2 electrons are the outer 

shell electrons that exist as a lone pair of electrons which has significant influences on the 

reactivity and coordination of Pb+2.  It can also lose it’s pair of 6s electrons under severe 

oxidizing conditions and gain a net charge of +4  but Pb+4 is not very stable in most 

environments so Pb+2 usually controls the fate of lead transport in aqueous conditions. A 

significant fraction of lead in aqueous environments may exist in an undissolved state and 

transported as colloidal particles. 

The common species of aqueous lead in acid soils are Pb2+, organic Pb, PbSO4 and 

PbHCO3+ and for alkaline soils PbCO3, PbHCO3+, organic-Pb, (PbCO3) 2 2- and PbOH+. The 

behavior of any ion in solution depends on its size, valence and electronegativity. The strength 

and number of water molecules surrounding the lead atom depend on these factors. Hydration 

number for lead has been observed to be between 5 and 8. Lead is considered a soft sphere 
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ion/soft acid (type B ion) and this means that the electron sheath is easily deformed by the 

external charges making it more polarizable and it is more likely to form covalent bonds than the 

type A ions (hard acids) which have inflexible electron orbitals that tend to form ionic bonds. 

Soft acid will have a strong affinity for a soft base and a hard acid will have strong affinity for a 

hard base. Thus lead has a strong affinity for a soft base which are atoms that have a low electro 

negativity and are easily polarized and oxidized called Lewis bases. 

Lead has been identified as a stress corrosion cracking initiator and lead induced SCC has 

been identified as a cause of alloy 600 tubing failure in operating SGs. According to Mazario et 

al., the existence of lead in  steam generators detected during the analysis of deposits in the  

damaged areas of tubings supports the hypothesis that lead may contribute to the cracking 

problems of the SG tubes [9]. 

SCC of INCONEL® 600 was reported the first time in water contaminated with lead by 

Copson and Dean [10]. They concluded that lead concentrations ranging from 2.5 to 6 ppm 

caused rapid stress corrosion cracking of alloy 600 in deionized water adjusted to pH of 10 with 

the additions of ammonia at temperatures above 300o C. Some other investigations show that the 

presence of lead at levels as low as 0.1 ppm caused SCC in alloys 600, 690 and 800 at 

temperatures around 300o C [11]. According to Agrawal and Paine [12] concentration of lead in 

the sludge deposits of most SGs ranges from 100-500 ppm. Higher concentrations have been 

reported in some plants up to 2400 ppm and up to 10000 ppm in much localized areas of tube 

surfaces in some plants although on surfaces typically less than 1000 ppm has been found. 

Since then many laboratories have done SCC tests of this material in presence of lead. 

Agrawal et al. [12] have done a review on these studies. These works mention certain nuclear 

power plants in which lead was suspected to have contributed to the cracking process as it was 
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detected in significant amounts on the fractured surfaces of the tubes and also on the surface 

scale. Miglin et al. [13] mention other nuclear power plants where lead might be the possible 

cause for the cracking. Significant presence of lead was first seen in France on the steam 

generator tubes pulled from Bugey 3 in 1988 which had cracks on the secondary side in the 

sludge pile area. Other cracks were noted on other tubes Bugey 2 and 4 and Fessenheim 2 with 

lead found in the sludge, in the tube deposits and in some cracks. 

Lead concentrates effectively on heat transfer surfaces and crevices. Lead has been found 

to be present as a contaminant in mostly all SGs with concentrations very low when compared to 

other contaminants. It is preferentially deposited in thermal transfer areas (tubes) and in 

restricted areas (sludge zone and tube support plate crevices). According to Sawochka et al. [14] 

lead comes from major sources like turbines, pump seals and bearings, valve packings, coatings 

etc and minor sources like ferrous and copper alloy and tubing. Thus it becomes difficult to 

control and remove lead in such components. 

Mazario et al. [9] have studied effect of lead on INCONEL® 600 oxide layers formed in 

simulated steam generator secondary environments in order to understand SCC by using Auger 

Electron Spectroscopy (AES) and Electron Spectroscopy for Chemical Analysis (ESCA). Lead 

has been found to be incorporated in the oxide layer in caustic environments. 

Lead has been believed to be the chemical impurity that induces mixed mode 

intergranular stress corrosion cracking (IGSCC) and transgranular stress corrosion cracking 

(TGSCC). Hwang et al. [15] have studied the mode of stress corrosion cracking in Ni-based 

alloys in high temperature water containing lead. As lead concentration in water was increased, 

the mode of SCC changed from IGSCC to a mixed mode with some TGSCC in alloy 600MA 

while that in 600TT it changed completely from IGSCC to fully TGSCC. IGA in both the alloys 
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is suppressed with an increase of the lead. Several studies have conducted SCC tests in lead 

contaminated water and corrosion tests to reveal the role of lead on passive films.  

The harmful effect of lead on INCONEL® 600 has been known not only through 

 laboratory tests but also as a result of operating experience. Also laboratory studies on SCC 

behavior of INCONEL® 600 in lead environments confirming the susceptibility of this material 

in acid and alkaline environments containing lead have been done with lead containing caustic 

environment being the most severe.  Briceno et al. [16] have studied stress corrosion cracking 

susceptibility of steam generators tube materials in all volatile treatment (AVT) chemistry 

contaminated with lead.  They have found both 600 MA and TT susceptible to SCC in caustic 

and acidic conditions with lead oxide. Laboratory tests have also shown the harmful effect of 

lead oxide in caustic environments on the corrosion of alloys 600, 690 and 800 and of melted 

alloy on alloy 600 [17]. 

Combined effects of chemical environment and the mechanical and thermal stress can 

cause the tubes to crack. Many times stress corrosion involves localized dissolution of the alloy 

when the oxide layer cracks and thus related to electrochemical properties of the alloy. SCC 

occurs in potential ranges where the passive layers are not very stable, in particular around the 

Ni/NiO equilibrium and when the passivated surface is damaged by stress. SCC depends on 

other factors like alloy composition and in particular the chromium content [18].  

The mechanism of PbSCC is related to effects of lead on stability of the passive film. 

Dissolved lead in low concentrations produces lead SCC in alloys 600 MA and 690 TT over 

broad ranges of pH and potential under operating conditions of PWR SGs. The important thing 

to notice though is that there are no extensive failures due to lead in spite of the threshold 

concentrations being so low as 0.1 ppm and available lead relatively high. Lead is soluble over 
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the full range of pH. The lower limit of potential is defined by the potential dependent solubility 

of lead. The chemical species that immobilize lead are understood in terms of their effects on the 

chemical activity of lead that results from such equilibria. PbSCC seems to occur regardless of 

the chemical identity of lead containing complexes as long as they are soluble regardless of the 

cationic or anion states. Thus it follows closely the boundaries and trends defined by 

thermodynamics. It initiates at relatively low stresses and has main influences on the initiation 

step and less on propagation. 

1.3 Iron Oxides as Sorbents 

Iron oxides can act as sinks for potentially toxic heavy metals. Iron oxides, hydroxides 

and oxide hydroxides consist of arrays of Fe ions and O2- or OH- ions. In most compounds iron is 

in trivalent state except in ones like magnetite which contain Fe2+ ions also. Iron oxides consist 

of close packed arrays of anions, usually in hexagonal or cubic close packing, in which the 

interstices are partly filled with divalent or trivalent iron predominantly in octahedral(6)-

Fe(O,OH6) but in some case tetrahedral(4)-FeO4-coordination also. The oxide hydroxides can 

be dehydroxylated to their oxide counterparts. This is in part because of the fact that there is 

similarity between anion frameworks which ensures that rearrangement of cations and loss of 

OH are often all that is required to effect a transformation. 

The common arrangement of sheets of anions in the three dimension are hexagonal close 

packing hcp, where the sheets are stacked ABAB…. and cubic close packing ccp with 

ABCABC… stacking. The sheet of anions is stacked along some particular crystallographic 

direction with an average distance between anion layers of 0.23-0.25 nm for all iron oxides. 

There are twice as many interstices between the sheets of anions as there are anions in a layer. 

The cations fit into the octahedral (sixfold coordination) or the smaller tetrahedral (fourfold 
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coordination) interstices. For compounds with Fe3+ ions, charge requirements ensure that only a 

proportion of the interstices can be filled and this opens up the possibility of several different 

arrangements of cations between the anions sheets.  Differences between the iron oxide 

structures are because of variations in the arrangement of cations in the interstices and to a lesser 

extent due to the differences in the stacking of sheet of anions. The anion sheets are held together 

by the cations and/or by hydrogen bonds. 

Owing to their high energy of crystallization, iron oxides very often form only minute 

crystals both naturally and industrially. Thus they have a high specific surface area, often greater 

than 100 m2/g and thus makes them effective sorbents for many species.  Specific surface area is 

the surface area that a unit mass of the oxide exposes to the liquid phase. This exposed surface of 

the oxide at the oxide/water interface contains the functional groups and/or lattice ions and atoms 

that interact with water species which causes the sorption and is one of the important properties 

of the sorbent to make it more efficient for sorption. 

All oxides tend to undergo surface hydration and/or hydroxylation to achieve 

coordinative stabilization. Presence of surface hydroxyls leads to the interaction of adsorbate 

with the surface in a specific manner. The possible types of interactions include hydrogen 

bonding and Lewis electron acceptor-donor exchange. Nature and quantities of surface sites is a 

very important factor to be considered for understanding sorption mechanism. On the exposure 

of an oxide to water, surface hydroxyl groups are formed by the dissociative sorption of water 

molecules as shown in Figure 1. 
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Figure 1: Schematic cross section of the surface layer of a metal oxide: a) surface ions are not 
fully coordinated; b) surface metal ions coordinate H2O molecules in the presence of water; c) 

protons dissociate from the sorbed water molecules leading to the formation of a uniformly 
hydroxylated surface; d) sorption of water on the hydroxylated surface [19] 

 
As the metal ions in the surface layer of a dry oxide are not fully coordinated (a), they 

have a reduced coordination number and behave as Lewis acids (unoccupied atomic orbitals) and 

so they can react with Lewis bases. Therefore in aqueous systems they coordinate with hydroxyl 

ions or water molecules which share their ion electron pairs with Fe.  Water molecules can 

occupy the vacant coordination sites via chemisorption (b). The surface becomes hydroxylated 

by proton transfer from water molecules to oxide ions (c-dissociative chemisorption) and 
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additional water can sorb on this hydroxylated surface or hydrogen bond to the surface OH 

groups (d) [19]. The existence of surface hydroxyl groups on metal oxides exposed to water is 

supported well by infrared surface spectroscopy data. Thus adsorbents are always charged either 

by dissociation of surface groups, by preferential expulsion of one type of ion or because of the 

presence of some ionic species and adsorption of ions becomes a rule rather than exception at 

any oxide/water interface [20]. Hydroxylated groups of oxides can be responsible for the surface 

charge and act as coordination sites for dissolved cations. They can also act as nucleation sites 

for a solid phase in case of surface precipitation. 

The surface hydroxyl groups, whether they arise from adsorption of water or from 

structural OH, are the functional groups of iron oxides i.e. they are the chemically reactive 

entities at the surface of the solid in an aqueous environment. They possess a double pair of 

electrons together with a dissociable hydrogen atom which enables them to react with both acids 

and bases. Iron oxides are thus amphoteric.  

                                                   FeOH2+ =  Fe OH + H+         (1.1) 

FeOH = Fe O- + H+       (1.2) 

Charge on the oxide surface is established by dissociation or ionization of the surface hydroxyl 

groups. These reactions can be treated as acid/base equilibria and can be represented by the 

above equations (1.1, 1.2). 

The total charge of the iron oxide surface has several components i.e. 

σ tot= σ H+ + σ IS + σ OS  (1.3) 

σ H+ represents the charge due to the adsorbed potential determining ions, net proton charge, and 

σ IS and σ OS due to inner sphere and outer sphere adsorbing ions. For each iron oxide there is a 

pH at which the charge on the surface arising from all sources is zero. This is the point of zero 
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charge (pzc). It is the pH at which the net adsorption of potential determining ions on the oxide is 

zero. It is also called point of zero net proton charge (pz npc). In general iron oxides have pzc in 

the pH range of 6-10. At pH less than pzc, the FeOH2+ groups predominate over the FeO- groups 

i.e the surface has a net positive charge, some FeO- are still present. At the pzc, the number of 

FeOH2+ groups equals the number of FeO- groups and as the pH increases, the number of FeO- 

groups increases. PZC values are influenced by several factors including temperature and the 

presence of foreign ions in the system.  

Fe oxides are porous surfaces which have average pore size greater than or equal to 1.9 

nm which falls into IUPAC (International union of pure and applied chemistry) classification of 

micropores and mesopores but in aqueous phase, pore surfaces would be hydrated resulting in 

potentially layers of water adsorbed to these pore walls, thus the mesopores might act as 

micropores.  

1.4 Structure of Magnetite 

Magnetite has inverse spinel structure. It has cubic crystallographic system with stacking 

of close packed anions of type ABCABD… and a unit cell dimension 0.8396 nm. Magnetite has 

a face centered cubic unit cell based on 32 O2- ions which are regularly cubic close packed along 

the [110]. It contains both divalent and trivalent iron. Metal cations reside in both octahedral (Fe 

ions surrounded by six oxygen ions) and tetrahedral sites (Fe ions surrounded by four oxygen 

ions) surrounded by oxygen ions.  Trivalent ions occupy both tetrahedral and octahedral sites. 

The structure may also be seen as layered sheets of [Fe2+,Fe3+] between closed-packed sheets of 

oxygens. The octahedral sites are larger than the tetrahedral sites and there are twice as many 

octahedral sites occupied as tetrahedral sites. Fe2+ has octahedral site preference leaving Fe3+ 

ions to occupy an octahedral and a tetrahedral site. It is frequently non stoichiometric in which 
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 case it has a cation deficient Fe3+ sub lattice.  

The divalent iron may be partly or fully replaced by other divalent ions example Mn2+ 

and Zn2+. Fitting of guest ions into the structure is assisted by the flexibility of the oxygen 

framework which can expand or contract to accommodate cations which differ in size from Fe2+. 

Cation substitution is accompanied by changes in the unit cell edge length. The structural 

formula for magnetite is (Fe3+)A (Fe3+Fe2+)BO4 .The isostructural compounds are Jacobsite 

Fe3Mn2Fe3O4, Magnesioferrite FeMgFeO4, Ulvospinel Fe2TiO4.The surface area of magnetite 

ranges from 4 m2/g formed by reduction of hematite to close to 100 m2/g for particles ca. 50 nm 

across produced by precipitation [21].  

In the dry state magnetite is readily oxidized to maghemite (γ-Fe2O3) by air. At 

temperatures greater than 300oC, the transformation proceeds further to hematite. Oxidation of 

magnetite under these conditions involves a topotactic reaction in which the original crystal 

morphology is maintained throughout. Initially a mixed phase forms which has with lesser 

number of Fe2+ ions and more number of more Fe3+ ions and cation vacancies than magnetite. 

This phase then oxidizes further. During the reaction the density of the starting material falls and 

the weight of the sample increases because oxygen is taken up. 

4Fe3O4+O2=6 Fe2O3  (1.4) 

No porosity develops and the sample surface area doesn’t change. Oxidation to maghemite 

involves a reduction in the number of iron atoms per unit cell of 32 oxygen ions from 24 in 

magnetite to 21 ⅓ in maghemite. The reaction proceeds by outward migration of the cations 

towards the surface of the crystal, the creation of cation vacancies and the addition of oxygen 

atoms. At the surface the cations are oxidized and interact with the adsorbed oxygen to form a 
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 rim of maghemite. Substitution of less than 0.1 mol mol- of heavy metals like Co, Ni and Zn 

reduces the cation diffusion coefficient. 

1.5 Sorption Mechanism  

Atoms and molecules located at surfaces undergo an imbalance of chemical forces.  

This imbalance of chemical forces may be expressed in terms of surface energy.  The solid phase 

tends to lower its surface energy by either reducing its surface area or by sorbing molecules and 

ions from adjacent phases. The unbalanced forces at the phase boundary or the surface forces 

lead to the change in the number of ions on the boundary surface as compared to the number of 

ions in the aqueous phase. This change in the number of ions or their concentration at the surface 

has been termed sorption and can be physical or chemical in nature.  

Sorption is the adhesion or accumulation of ions from an aqueous solution on a solid,  

with which it is in contact, in the form of a monolayer. The sorbing phase is called "sorbent", the 

adhering one is called sorbate. Sorption term is used when it is not clear if the process occurring 

is adsorption or absorption. It is important to define the mechanism that holds a contaminant to a 

solid to immobilize it in the aqueous environment. The sorption mechanisms can be broadly 

classified into adsorption, absorption and precipitation.  

1.5.1 Adsorption 

The sorption processes taking place at the interface of an oxide and an aqueous solution  

are controlled by the reactivity of surface functional groups. Surface functional groups are the 

surface oxide atoms that may form chemical reactions with species in solution forming oxide-

sorbate complexes. This complex formation is termed adsorption.  

Adsorption is the essential precursor of metal substitution, dissolution reactions and many 
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 interconversions. It also has role in the synthesis of iron oxide and in crystal growth. In industry, 

adsorption on iron oxides is of relevance to flotation processes, water pollution control and waste 

and anticorrosion treatments.  

The adsorption process involves interaction of the adsorbate with the surface hydroxyl 

groups on the iron oxide. The oxygen donor atom of the surface hydroxyl group can interact with 

the protons whereas the underlying metal ion acts as a Lewis acid and exchanges the OH group 

for other ligands to form surface complexes. Thus adsorption is a phenomenon in which atoms 

and/ or molecules accumulate at the interface between a solid and a solution. Adsorption is a two 

dimensional process (Figure 2). 

 Adsorption can be differentiated into two processes: specific or chemisorption and non-

specific or physical adsorption. In specific adsorption or chemisorption , there is loss of one or 

more waters of hydration from the sorbate ion . This leads into the formation of a relatively 

strong chemical bond between adsorbate and adsorbent (ligand exchange) and the adsorbed 

species would be referred to as an inner-sphere adsorption complex. An inner sphere complex is 

partially dehydrated and the ions form a direct ionic or covalent bond with the surface functional 

groups. In non-specific adsorption, a weaker interaction may occur between the hydrated ion and 

the oxide surface in which waters of hydration are retained (Figure 2) and is called an outer 

sphere complex. Outer sphere complexes consist of a solvated ion that forms a complex with a 

charged functional group and the primary bonding force is electrostatic. 

When surface complexation of cations occurs by hydrous oxides, there is formation of 

bonds with surface oxygen atoms and release of protons from the surface. For example, 

-XOH +M2+ = XOM+ + H+ (1.3) 

or 
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XOH + M2+ H2O= XOMOH2
+ + H+ (1.4) 

M2+ is the divalent cation 

The process is strongly pH dependent as hydroxyl groups which are the reactive surface 

sites can coordinate and dissociate protons and has been observed to increase with increase in pH 

values. Also it has been observed experimentally that ionic strength has very small effect on 

cation sorption indicating lesser contribution of Columbic forces. 

To understand the sorption mechanism many theoretical models of oxide/water interface 

have been developed. One of the earliest ones was the electric double layer proposed by Gouy 

and Chapman which was later developed to describe interactions at electrode surfaces. The 

electrodes develops a surface charge because of the surface excess of lattice ion in equilibrium 

with solution but hydrous oxides develop charge on surface because of equilibrium reactions at 

the oxide surface only and not within the lattice. Thus there was a necessity to develop a model 

which includes chemical reactions of the sorbed ions with the surface functional groups. This 

approach has been called the surface complexation approach. Under this model, the ions which 

get sorbed on the sorbent are considered to be reacting chemically with specific surface 

functional groups (hydroxyl) after coming through the interfacial electric field at the surface. The 

electric field can be positive or negative which is due to the positive or negative surface charge 

caused by chemical reactions at the surface. The fundamental concepts on which this model is 

based are that the sorption of ions on oxides occurs at specific coordination sites and that the 

surface charge results from the sorption reactions themselves.  

Ion exchange adsorption: The ion exchange process occurs at the solid/liquid interface 

and is thus called ion-exchange adsorption.  Ion exchange has been explained by the exchange of 

ions in the crystal lattice of the sorbent and is dependent on the forces holding the ions in the 

 20



lattice, concentration and charge of the ions in solution, their degree of hydration and their 

atomic radii. Ions in the solution are attracted by the functional groups of the sorbent which are 

of the opposite charge. Degree of dissociation of the functional groups of the sorbent and the 

presence of H+ and OH- ions competing with the other ions being exchanged are the important 

phenomena to be considered. Ion exchange occurs in the diffuse ion layer and the reactive 

surfaces because of charge imbalance. Thus cations are attracted to surface to satisfy 

electroneutrality.  

1.5.2 Absorption 

Absorption is the diffusion of an aqueous chemical species into a solid phase where the 

intrusion depth into the solid has to be greater than a few nanometers. It is the process of 

penetration of one substance from one phase into the bulk of another by diffusion. This process 

where the sorbate becomes incorporated in the crystal structure of the sorbent including the 

formation of a solid solution causing co-precipitation or surface precipitation or solid-state 

diffusion is referred to as absorption (Figure 2). Some kind of adsorption required before 

absorption occurs. Diffusion of the sorbate within the sorbent controls the absorption rate. 

1.5.3 Precipitation 

 When a system is saturated or supersaturated, it has a negative ΔG and precipitation of 

the solid is likely to occur. The sorbate ions can precipitate out entirely as a separate phase or 

surface precipitate or co-precipitate (Figure 2). 

a) Precipitation is formation of a three dimensional network without the association of the 

sorbent. It occurs in solution directly and leads to discrete particles. 

b) Surface precipitation is when  sorbate precipitates as a separate phase on the substrate in 

a layer that is only a couple of atomic layers thick, thus invisible to X-rays. It is the 

growth of a solid on a previously existing solid phase or nucleation on previously existing 
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particles. Surface precipitates are three dimensional and multilayered solid phases on the 

oxide phase. It occurs when adsorption of metal ions exceeds a critical surface 

concentration and leads to the formation of hydroxide clusters of the adsorbed metal on 

the adsorbing surface.  

c) Co-precipitation: Simultaneous precipitation of the sorbent and the sorbate forming a   

a single phase is called co-precipitation. It involves co-ions dissolved from the sorbent as 

well as the sorbate ions. 

Figure 3 gives the schematic of surface adsorption and surface precipitation processes.  
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Figure 2: Possible sorption complexes at the mineral-water interface: adsorption (inner and outer 
sphere complexation), absorption (diffusion) and precipitation (surface precipitation and co-

precipitation). [25] 
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Figure 3: Schematic representation of the surface complexation and surface precipitation 
descriptions for sorption of a cation M2+ on hydrous ferric oxide. [26] 

 

Cation Substitution in Iron Oxides 

Iron oxides have isostructural equivalents in which cations occupy interstices of the 

oxygen framework which are otherwise occupied by Fe. They do not modify the structure but do 

affect the size of the unit cell. Phases isostructural with magnetite are Pb3O4, Co3O4 and Mn3O4 

[21]. The existence of these isostructural compounds suggests that solid solutions could be 

formed between the two end members by isomorphous substitution for Fe2+ by other cations. The 

likelihood of substitution depends on the similarity of ionic radius and valency of cations. 

Isomorphous replacement of Fe in Fe oxides by a number of cations has been observed. An 

indication of whether isomorphous substitution has occurred can be obtained from changes in 

unit cell dimensions of the iron oxides (shown by XRD line shifts), chemical analysis or by 

dissolution. 
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Substitution of a large range of cations can be readily induced in magnetite because of 

tetrahedral as well as octahedral positions available.  Sidhu et al [22] has studied incorporation of 

cations Co, Ni and Zn within the magnetite structure by replacing octahedral Fe2+. In contrast 

Cu, Mn and Cd appeared to be concentrated near the surface of the crystals. After conversion of 

these magnetites to maghemite, an outer zone free from trace metals was formed around the 

crystal indicating that oxidized Fe had migrated outwards and formed a new maghemite layer 

leaving trace metals in the core. Magnetite with Ca subsitutuion of 0.19 mol/mol and a 

corresponding increase in the cubic cell edge from 0.839 to 0.847 nm were prepared by De Siller 

et al. [23]. Al substitution was demonstrated by Michel 1949 through a decrease in unit cell size 

and a fall in Curie point [24]. 

1.5.4 Factors Affecting Metal Uptake 

The factors affecting the binding qualities of surfaces or their affinity for a metal cation 

dissolved in aqueous media are the chemical nature of the metal ions like the size, valence, 

electron orbital structure, stability of chemical forms in nature and medium conditions like pH, 

ionic strength, temperature and presence of competing cations.  

There is at present no one principle governing the selectivity for sorption of divalent 

cations.  

1. Size of the metal ion: Size difference between the ions of the sorbent and the sorbate play a 

role in deciding the selectivity sequence. For example hematite has high selectivity for Mg2+ and 

Li+ and this high selectivity has been attributed to the penetration of these ions into the solid 

surface because of the similarity in size between Fe3+ (0.0064nm), Mg2+(0.0065 nm) and 

Li+(0.0068nm). Also such substitution is considered unlikely if there is a large discrepancy in 

ionic radius  for example between octahedrally coordinated low spin Co3+ (0.052nm) and the 
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high spin Mn3+(0.065nm) in manganese oxide structures. However Co3+ can substitute for 

Mn4+(0.054nm) which is an ion of size similar to it.   

 Physical structure can pose barriers to metal sorption and release. The maximum 

interatomic spacing within crystalline goethite is approximately 1 nm, which is believed to be 

too small for the inward diffusion of fully hydrated metal ions until and unless goethite has an 

unusually high number of pores and cavities.  

A smaller ionic radius implies that more molecules can adsorb onto a fixed surface area.  

2. Electronegativity and ionic potential: Ionic properties like electronegativity, ionization 

potential, ionic potential and ionic radius affect adsorption capacity. Higher the electronegativity 

and the ionic potential, the more the ions interact electrostatically with the surface groups present 

on the surface of adsorbent [27]. 

3. Interactions with functional groups: The ability to form chemical bonds with functional groups 

is the most important factor to determine whether a cation will adsorb on the edge sites. 

Functional groups can be identified using FTIR and XPS. Lead is a large cation that is highly 

polarizable and readily forms complexes with hydroxide type functional groups. The oxygen of a 

hydroxyl group can be considered a strong Lewis base because of the presence of its vacant 

doublet electrons making the oxygen base a complex of coordination with the chemical entities 

low in electrons like the metal ions. 

1.6 Research Justification 

Oxides play an important role in the environmental chemistry of many metal ions. One of 

the practical applications is scavenging trace amounts of an element from solution. While 

studying adsorption of a cation on any oxide surface, it is required to define the behavior of the 

cation-oxide system and know the mechanism by which the adsorption occurs. 

 26



There is an urgent need to study the interactions of harmful metals like lead with various 

minerals and oxides present in aqueous environments to develop more number of remedial 

methods in eliminating them. There has been no data on studying the sorption of lead on 

magnetite at high temperatures which is found in many industrial operating conditions like the 

PWRs as in it’s application to lower down lead initiated stress corrosion cracking. Also sorption 

studies have been concentrated on room temperature experiments. The present study has been 

done at higher temperatures of 200oC and the data can be very useful for understanding lead 

transport and it’s interaction with magnetite at high temperatures applicable in many industries. 

This research provides useful information on the mechanism of lead sorption on 

magnetite. Knowing the mechanisms involved is a key to predict the availability of lead for 

transport and the possible remediation. This research will enhance the ability to make predictions 

regarding uptake of lead on magnetite in various environments. 

1.7 Research Objectives 

The goals of the research presented in this thesis are to: 

1. Perform lead sorption experiments on magnetite at high temperatures and obtain the 

adsorption isotherms to obtain the adsorption capacity and intensity of magnetite as a sorbent by 

fitting the data to well defined models. 

2. Determine the effect of initial lead concentration on lead sorption on magnetite. 

3. Determine the effect of pH on lead sorption in order to predict the type and nature of sites 

involved. 

4. Determine the sorption mechanism and characterize the adsorbents using FTIR and XRD. 

5. Determine the effect of presence of lead ions on phase transformation of magnetite to 

maghemite using FTIR, XRD and DSC/TGA. 
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1.8 Cation Sorption Data 

Studies of adsorption on iron oxides have followed two main lines: 

1. Measurement of the extent to which the adsorbent removes the adsorbate from a liquid 

phase. The data is used to construct adsorption isotherms and is often fitted to a model to 

provide information adsorption constants, adsorption maxima and kinetic data. 

2. Spectroscopic investigations to determine the structure of the surface complexes formed 

through adsorption and to help distinguish between adsorption of metals and their surface 

precipitation.  

The sorption data can be determined by two methods, either measuring the change in 

solute (sorbate) concentration after the addition of the solid (sorbent) phase or by measuring the 

amount of solute that has adhered to the solid phase. The data can be represented by pH edges 

which show the change in percent ion sorbed vs the pH values. Another way to represent 

sorption data is by sorption isotherm which plots sorption density vs sorbate concentration at 

constant pH and temperature. Generally Langmuir isotherm is linear at low concentrations but 

levels off at higher concentrations implying that sorption affinity remains constant until site 

saturation is reached and is consistent with single type of binding site. When multiple site types 

are present, sorption is not proportional to sorbate concentration because sorption affinity varies 

as higher affinity sites are filled and more abundant lower affinity sites become dominant and 

such data can  represented by Freundlich isotherms. 

1.9 Determination of Sorption Mechanism 

One of the goals of the present study is to identify the mechanism by which lead sorbs on 

oxide. Any of the mechanisms, absorption, adsorption, ion exchange or precipitation can occur. 

There is a possibility of one preceding the other and can even occur simultaneously. The two 
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approaches to study mechanism can be macroscopic analysis by solution chemistry followed by 

interpretation of data using predictive models and qualitative and quantitative analysis of the 

loaded adsorbent by using advanced techniques like diffractometry and spectroscopy. 

pH variation experiments can help recognizing the type of charge responsible for lead 

sorption. XRD could be used to study the effect of the presence of lead ions on the lattice 

parameter of magnetite and accordingly help in knowing if lead is trying to incorporate in the 

magnetite structure. FTIR can be a useful technique to understand complexation behavior and 

verify if inner or outer sphere complexation is occurring. Physisorption vs chemisorption can be 

identified this way. DSC/TGA provides information about magnetite to maghemite phase 

transformation in presence of lead. 
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CHAPTER 2 

REVIEW OF LITERATURE 

Several studies have been done to observe adsorption of cations on oxides. Lal et al. [28] 

have used iron coated sand to adsorb lead and copper ions and analyzed the adsorption behavior 

using SEM/EDAX. Sauve et al. [29] have studied adsorption of free lead by pedogenic oxides, 

ferrihydrite and leaf compost. Ming Fan et al. [30] have worked on modeling Pb sorption to 

microporous amorphous oxides as discrete particles and coatings. R.M.McKenzie et al. [31] has 

studied the adsorption of lead and other heavy metals on oxides of manganese and iron. Coughlin 

and Stone [32] have studied non reversible adsorption of divalent metal ions like lead onto 

goethite. Chin Hsing Lai et al. [33] have studied adsorptive characteristics of cadmium and lead 

on the goethite coated sand surface using EDAX mapping where lead is seen to be chemisorbed 

on the goethite surface and chemical bonding was the important adsorption mechanism involved. 

Agrawal et al. [34] have done studies on adsorption of lead on sea nodule residues which contain 

oxides and oxyhydroxides of manganese, iron, silicon etc. Dong et al. [35] studied adsorption of 

lead on metal oxides. Kovacevic et al. [36] studied adsorption of lead species on goethite. Demin 

Dong et al. [37] have done studies on lead adsorption to metal oxides using a selective extraction 

method.  

2.1 Adsorption Mechanism Studies 

Understanding the mechanism involved in sorption is important to immobilize these 

cations. Depending on the concentrations of the species involved and the sorbate-sorbent 

interactions, their physical and chemical properties, mechanisms have been observed to vary 

from adsorption to diffusion to surface precipitation and co precipitation. Sheng et al. [38], 

Sanchez et al.[39] and Chen et al.[40]  mention that some of the metal binding mechanisms can 
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be ion exchange, complexation, coordination and microprecititaion. Ostergren et al. [41] report 

that metal uptake can be enhanced or inhibited by processes like site competition, formation of 

solution complexes, ternary complex formation and/or alteration of surface charge. Marc 

Anderson et al. [42] mention some of the possible consequences of adding an absorbate to a 

system containing mineral adsorbents. They are: 

1. Crystal growth which occurs if adsorbate is a component of the mineral adsorbent. 

2. Crystal growth and/or diffusion into the solid phase occurs if the adsorbate is not a 

component of the adsorbent but can substitute isomorphously for a component of the 

adsorbent and form a stable, three dimensional solid solution. 

3. If the adsorbate is not capable of forming a three dimensional solid solution with the 

adsorbent then formation of a stable surface compound which is a two dimensional solid 

solution will occur which is in equilibrium with the solution (adsorption referred as this 

generally). 

4. Adsorption onto oppositely charged surfaces of the adsorbent can cause stabilization of 

metastable polynuclear ions. 

5. An entirely new solid phase can nucleate heterogeneously composed of the adsorbate and 

a component from the solution like hydroxides. 

6. A new solid phase can nucleate heterogeneously composed of the adsorbate and a 

component of the adsorbent resulting in dissolution of the adsorbent. 

In all of the above mentioned reactions, initial reaction is adsorption and four of them ultimately 

lead to precipitation. Transition from adsorption to precipitation is to be well understood. 

Adsorption reactions occur via inner sphere complexes, outer sphere complexes and diffuse ion 

[43]. Stumm and Morgan [44] define complex formation as follows: Coordination or complex 
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formation is referred to as any combination of cations with molecules or anions containing free 

pairs of electrons (bases). This combination can be electrostatic or covalent or a mixture of both. 

The metal cation will be called the central atom, and the anions are called the ligands. Two types 

of complex species can be distinguished: the ion pairs and the complexes. Ions of opposite 

charge that approach within a critical distance effectively form an ion pair and are no longer 

electrostatically effective. In contrast, most stable entities that result from the formation of 

largely covalent bonds between a metal ion and an electron-donating ligand are called complexes 

[44, 45].  Ions can bond to the surfaces by the above mentioned different mechanisms and 

according to Stumm et al. [44], a continuous transition between adsorption mechanisms can take 

place. Bargar et al. [46] used X ray absorption spectroscopy  to distinguish between outer and 

inner sphere sorbed lead on α-Al2O3. It was found out by them that at the 0001 surface Pb-O-Al 

distances were consistent with an outer sphere complex while on the (1102), lead was sorbed as 

an inner sphere complex. Lead forms specific bonds with functional groups on oxides and forms 

strong complexes. David and Leckie [47] proposed a complexation mechanism for lead on 

oxides. Sorption mechanism was represented by a three layer model that included specific 

protonation and deprotonation reactions on the surface, outer sphere chemisorption of cations 

and anions and diffuse layer co-ions attracted to the surface by the electrostatic potential of the 

surface. The two equations used were: 

AlOH+Pb2+ = AlOPb+ + H- (2.1) 

AlOH+Pb2+(aq) +H2O=AlOPbOH + 2H- (2.2) 

There is a production of protons as a result of lead forming either a monodendate or bidendate 

sorption reaction. 

Many studies on sorption of heavy metals to hydrous oxides have shown that this is a two 
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step process: rapid adsorption of metal ions to the external surface followed by slow 

 intraparticle diffusion along the micropore walls of the oxide. Long-term studies show that 

metal ions may be incorporated by diffusion into the crystalline systems of secondary ferric 

hydroxides [48, 49, 50]. Bruemmer at al. [50] studied sorption and desorption of Cd, Zn and Ni 

on goethite which is a porous oxide and has defects within the structure in which metals can be 

incorporated to satisfy balance charges. They have proposed that the uptake of metal followed a 

three step mechanism: 

“Adsorption of metals on external surfaces, solid state diffusion of metals from externals to 

internal sites and metal binding and fixations at positions inside the goethite particle” 

They suggested that the second mechanism is responsible for the slow reaction. 

McKay et al. [51] suggest essentially four stages of the adsorption process by porous adsorbents:  

“1. solute transfer from bulk solution to the boundary film bordering the polymer surface 

2. solute transfer from boundary film to the sorbent surface 

3. solute transfer from the sorbent surface to the intraparticular active sites 

4. interactions of the solute molecules with the available sites on the internal surface.” 

Any one or more of the above steps can control the rate at which metal ions get adsorbed 

on solid particles. Also Couglin et al. [52] who studied the sorption of divalent metal ions on 

goethite suggested that the slow sorption and desorption could be a result of slow diffusion that 

could be because of the high levels of pores and cavities that goethite has. Papelis et al. [53] 

measured surface charges of cadmium and selenite on porous aluminium oxides using XPS and 

the mechanisms suggested were sorption to external sites and then diffusion of cadmium into the 

internal structures. Fuller et al. [54] and Waychunas et al. [55] concluded that rate limiting 

process in arsenate sorption by ferrihydrite is diffusion into the solid structure. Using X ray 
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absorption fine structure spectroscopy (XAFS), they explained slow sorption and desorption as 

slow diffusion of the arsenate to or from interior surface complexation sites that exist within 

disordered aggregates of crystallites. Lead sorption on the sorbents has been observed to be 

initially fast followed by a slow reaction most of the times [56-58]. The fast initial fast sorption 

has been attributed to the most likeliness of adsorption via electrostatic attraction and/or inner 

sphere complexation with functional groups. The slow reaction followed by the fast sorption 

might be due to slow diffusion to interior sites, formation of precipitates on surfaces which can 

sometimes be slower than typical sorption and adsorption on sites that have relatively large 

activation energies. This might take several days to reach the steady state. 

 Li et al. [59] suggest while studying adsorption of phosphate on goethite that the reaction 

between the adsorbate and the adsorbent changes from adsorption to surface precipitation with 

no discernible changes in the adsorption isotherm. Shayan et al. [60] have attributed the linear 

portion of the Freundlich isotherm to precipitation with the lower concentration portion being 

monolayer coverage. Precipitation would result into covering the adsorbed phosphate, isolating it 

from exchange with solution, removing adsorption sites and following a reaction mechanism 

different from that of adsorption.  

2.2 Adsorption Isotherm Studies 

To analyze the adsorption data quantitatively many authors have used adsorption 

isotherms which plot the quantity of adsorbate adsorbed in solid vs its final equilibrium 

concentration in solution. The adsorption isotherms have been then fitted to models like the 

Langmuir model and the Freundlich model. Kovacevic et al. [36] suggest that in order to 

understand the binding and release processes of hydrolyzed metal species, a certain theoretical 

model is to be considered. Modeling is required for optimization and to predict properties in 
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 different conditions. 

Zhao et al. [61] studied adsorption behavior of lead on micrporous titanosilicate and the 

maximum adsorption capacity was predicted. Lead sorption on manganese and iron hydroxides 

followed a Langmuir isotherm [62]. Experimental data fitted both the Langmuir and Freundlich 

isotherms for lead adsorption on siderite [63]. Correlation coefficients and isotherm parameters 

were calculated from straight lines of the isotherms. The high sorption capacity was attributed to 

adsorption and precipitation of lead carbonate which also showed up in XRD patterns. The 

dimensionless parameter was less than 1 indicating favorable adsorption.1/n value also was also 

less than 1 showing favorable adsorption. Sorption behavior of divalent metals like Ni and Cd on 

hydrous Al, Fe and Mn oxides was predicted by Trivedi et al. [64] using Langmuir models. 

Linear relationship between the sorbed and the bulk aqueous concentrations suggested one 

average type of adsorption site present on oxide surface. Sorption of selenium on magnetite was 

studied by Martinez et al. [65]. The sorption data was fitted to non competitive Langmuir 

isotherm and Langmuir constants were obtained. 

Costodes et al. [66] have reported that more concentrated the solution, the better the 

adsorption while studying removal of lead ions by adsorption on sawdust attributed to a high 

driving force of mass transfer. Their studies also show that both initial sorption capacity and 

sorption rate are strongly dependent on initial concentration. Although, equilibrium is seen to 

have reached faster with a lower lead concentration which may be attributed to availability of 

more active centers on the surface of adsorbent for a lesser number of adsorbate ions. Strong 

Langmuir character suggests that a limited number of sorption sites exist and that as more sites in 

the sorbent are occupied it becomes increasingly difficult for the sorbing species to find a vacant 

site available [67]. 
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If the removal curves are single, smooth and continuous, then it indicates the possibility 

 of formation of monolayer coverage of metal ions on the outer surface of adsorbent [68]. You et 

al. [69] suggests that S-shaped curves might be occurring due to the hydrophobicity of the 

adsorptive. They further explain that on adsorption of hydrophobic molecules, the adsorbent 

changes from hydrophilic to hydrophobic; at low concentrations, adsorption is limited by the 

hydrophilicity but at higher concentrations, adsorption is enhanced by hydrophobic interactions 

between hydrophobic molecules on the surface. Rate limiting step can be intraparticle diffusion 

or surface precipitation. 

Surface Complexation Model: Langmuir adsorption model is based on the assumption that 

maximum adsorption corresponds to a saturated monolayer of solute molecules on the adsorbent 

[68]. According to Kovacevic et al. [36], it violates at least two requirements: electrostatic 

interactions between surface species and hydrolysis in bulk of solution affecting concentration of 

adsorbable species. They suggest using more advanced surface complexation model which takes 

into account electrostatic effects at the interface and solution equilibra as well. 

Also the above empirical relationships given by Langmuir and Freundlich do not give 

any indication about the fundamental aspects of the adsorption which is important for 

understanding the process and one of the models used quite often lately in adsorption studies to 

describe structurally the adsorption process is the surface complex formation model which 

assumes the formation of complexes on layers at the surface of the solid. The presence of 

protonable functional groups and their combination with the protons and the metal ions has been 

held responsible for the adsorption process under this model [70]. 

Studies have shown that lead sorption on montmorillonite consist of both inner and outer 

sphere complexes depending on pH and ionic strength. At low pH and ionic strength adsorption 
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has been observed to be primarily outer sphere and most likely occurs on basal planes existing in 

the interlayer regions of the montmorillonite  as the XAFS results show that the bond distances 

between lead and the first shell of oxygen atoms for the outer sphere complexes is 2.50 Å and the 

coordination number is 9 which is similar to Pb2+ aqueous  sample suggesting that there exists a 

layer of water molecules between the complexed lead atoms and the mineral surface. As the pH 

and ionic strength is increases the bond distance decreases to 2.3 Å which is consistent with lead 

forming covalent bonds and might be suggestive of adsorption occurring on the edges of 

montmorillonite and includes the formation of lead polymers. Their data suggested that adsorbed 

lead can exist as a mixture of inner and outer sphere complexes under the ionic strength and pH 

conditions. The large dependence of sorption on pH shows the importance of edge sites and that 

speciation of metals is a function of pH. 

2.3 Studies on Effect of pH on Adsorption 

pH has been observed to be the most important factor affecting adsorption. Studying the 

effect of pH on adsorption has been very helpful to understand the nature of surface complexes 

formed, the nature and type of sites involved and the charge on these sites.  

 Efficiency of removal of the ions from the solution has invariable been found to be 

strongly pH dependent. A rapid increase in uptake of the metal ions has been observed to be 

occurring over a narrow pH range especially for the strongly hydrolysable cations. A plot of 

cation adsorption vs pH is found to be sigmoidal in many cases. Adsorption increases from 0 to 

100% over a narrow range usually covering 1 -2 pH units called the adsorption edge.  Many 

workers have viewed this uptake as an H+-M2+ exchange reaction with the protons derived from 

the weakly acidic surface-OH groups. It suggest that uptake is accompanied by the net release of 

H+ or uptake of OH- but it is not very clear whether the protons released come from surface OH 
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groups as a result of ion exchange reactions or from preferential adsorption of hydroxyl 

complexes from solution or both [42]. Competition between the hydrogen ions H+ and metal 

cations M+ for available binding sites on surfaces is expected which would consequently increase 

soluble lead in solution with reduced pH [71]. For pH values above the zero point charge, surface 

would carry a negative charge which would increase electrostatic attractions between positively 

charged cations and negatively charged binding sites [72]. 

A pH independent adsorption is usually attributed to cation exchange resulting from 

electrostatic attraction between the ions and the permanent charge and a pH dependent behavior 

is thought to result from surface complexation reactions [73]. Strawn et al. [74] have observed a 

steep increase in adsorption as a result of increase in surface potential and an increase in the 

number of deprotonated functional groups that occur as pH approaches PZNPC. Below this value 

there is significant adsorption of H+ ions on edge sites while above it number of deprotonated 

sites is significant. Deprotonation of the surface decreases the energy required to form chemical 

bonds since the surface becomes more negative which results in increased in adsorption.  

Agrawal et. al [34]  while studying lead adsorption on sea nodule residues which contain oxides 

and oxyhydrides of iron report that with increase of pH of aqueous solution , hydrolysis of lead 

species and the major phases like oxides may behave together as a negatively charged surface 

responsible for enhancing adsorption of singly charged PbOH+ on the oxide/hydroxide phases of 

SNR. SEM examination also showed the formation of a precipitate covering the particles of the 

adsorbent confirming the adsorption of PbOH+ species. However increasing pH would also 

increase lead hydrolysis and inorganic ion pair formation which would promote higher dissolved 

concentrations of lead [29]. 

No effect of ionic strength in adsorption edge experiments suggests that metal ions may 
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 be forming inner sphere complexes with the surface and lead sorption decreasing with 

increasing ionic strength might be suggesting formation of outer sphere complexes on the 

surfaces. Swallow et al. [75]  and Trivedi et al. [76] have reported that lead sorption is not 

varying with ionic strength suggesting inner sphere complex formation. Hayes and Leckie [57] 

have termed cation adsorption on σo and σβ planes as inner and outer spheres respectively. The 

formation of either inner or outer complexes depends on the nature of the oxide surface and the 

adsorbate cation for eg it’s ionic radius, degree of hydration and/ or complexation with the anion 

of the background electrolyte. Also metal ions might get adsorbed in the form of hydrolysed 

species [77]. If in the pH range being studied, sorption doesnot vary with ionic strength, it 

suggests that background electrolyte doesnot provide significant competition to lead adsorption 

which is indicative of inner sphere complexation [38]. Peak et al. [78] observed that selanate ions 

interact directly with hematite with no intermediate water molecules present which is indicative 

of inner sphere complex. In outer sphere complexes, a water molecule is positioned between 

each selanate and iron atom. Inner sphere complex forming ions are strongly binding and a 

necessary step in their formation is hydration water loss. Inner sphere complexes are more stable 

than outer sphere complexes. In soils that have high concentrations of iron and/or aluminium 

oxides, inner sphere adsorption has been observed to be the dominating mechanism [79]. The pH 

independent behavior of lead sorption at a low ionic strength suggests that most of the lead is 

sorbed on the planar sites or basal planes existing in the inter layer of minerals via outer sphere 

adsorption mechanisms (electrostatic attractions, electrostatic cation exchange reaction).On the 

other hand pH dependence behavior  shows adsorption on edge sites/ amphoteric ligand sites 

existing on the edges of clay minerals via inner sphere mechanisms(edge sites might be 

amphoteric and forming covalent bonds with lead, formation of the chemical bonds that is). 
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Jain et al. [80] while studying adsorption of lead on bed sediments of river kali report 

after obtaining adsorption edges that the pH for maximum uptake of lead ion is 6 as beyond this 

pH value solubility of metal ions (Pb2+) is very low and precipitation occurs. Lead ions exist in 

different forms in aqueous solutions at different pH values: below pH=6, Pb2+ is the major 

species and with increase of pH from 6 to 9, PbOH+ dominates. PbOH+ is larger in size and 

requires a larger surface area for it’s attachment, also diffuses at a slower rate [54]. Dipu et al. 

[82] studied adsorption of Cd(II) from aqueous solution onto pyrite and observed the pH 

dependence of the adsorption. The uptake is greatly affected by the pH variation with a 

monotonic increase until pH of 6 and then a decrease in adsorption capacity upto pH 8. They 

suggest that the pH dependence of metal adsorption is influenced by two factors; solubility and 

distribution of metal ions in the solution and overall charge of the adsorbent. In the pH range of 

2-6, Cd(2) ion is the only species present and are adsorbate responsible for the metal uptake  

which is due to H+-Cd2+ exchange reaction with the protons derived from weakly acidic surface 

SH groups .While studying effect of pH  on adsorption of Ni2+ on manganese nodule leached 

residues Parida et al. [83] observed that adsorption onto residue increases with increased pH upto 

pH 5 which might be due to formation of more MOH+ species though the formation of NiOH+ 

wont be a major factor if its concentration is less, after there is no significant improvement. 

Beyond pH 6 hydrolysis of nickel is observed. Also the increase of adsorption can be due to the 

fact that at any value of pH below the pzc which was 4.5 for the adsorbent here, the surface is 

positively charged and above it negatively charged. With increase of pH surface becomes less 

positively charged and cation can approach the surface. The nickel adsorption below pzc might 

be due to combined effects of both chemical and electrostatic interaction. While studying the 

sorption edges of Zn and Ni on montmorillonite Kraepiel [84] divided the sorption edge into 

 40



three regions with the sorption being constant at low pH, increasing at intermediate pH until it 

reaches a maximum and decreasing due to formation of soluble hydrolysis complexes of Zn and 

Ni. Precipitation of lead which occurs in alkaline conditions pH > 6 increases adsorption. Drastic 

increase in lead adsorption on siderite at pH 3.5 and above has been attributed to precipitation of 

Pb2+ as a Pb(OH)2 [63]. As the amount of adsorbed lead increases, the pH of the equilibrium 

solution decreases due to the hydrolization and adsorption of lead [85]. Above pH 6 relative 

adsorption of lead is nearly 100% but below this, it decreases quickly [86]. While studying lead 

adsorption on bentonite , Donat et al. [87] observed the effect of initial pH by plotting 

adsorption% vs pH. The pH was limited to values less than 5 because above this value 

precipitation might occur. Increase in adsorption upto pH of 3 might be due to negative charge 

density which attracts positively charged adsorbate ions but beyond this value there is a decrease 

in adsorption due to  decrease of the negative charge density as the pH increases. 
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  CHAPTER 3 

EXPERIMENTAL PROCEDURE 

3.1 Adsorption Experiments 

1. Initial Concentration Variation 

150 ml of solutions each containing 0.5 g of commercial Puratronic magnetite (99.999% 

purity) and varying concentrations of Pb2+  between 5ppm and 175 ppm  were prepared at a pH of 

8.5. Mixtures were heated in an autoclave at 200oC for 2 hours. In all the experiments the amount 

of adsorbent, pH, temperature and time were kept constant. Only the lead concentration was 

varied. High temperature and high pressure conditions inside autoclave simulate field conditions 

that prevail in the steam generators of pressurized water reactors in actual nuclear power plants. 

At the end of each experiment solution was filtered and both filtrate (powder samples S1-S6) as 

well as remaining solutions (liquid samples L1-L6) were analyzed using various qualitative and 

quantitative methods described in the present chapter. Samples from the initial lead 

concentration variation experiments and the conditions under which they are treated along with 

the techniques used to analyze them are listed in Table 1. Time duration of two hours was kept 

considering the fact that many room temperature studies have been done for 3 hours but because 

of the higher temperatures involved in this study, the adsorption kinetics becomes faster and 

lesser time is expected to cause adsorption. 

2. pH Variation 

150 ml of solutions each containing 0.5 g of magnetite and 150 ppm concentration of 

Pb2+ were prepared and pH values were varied between 3.3 and 10.3. Mixtures were heated in an 

autoclave at 200oC for 2 hours. In all the experiments the amount of adsorbent and the adsorbate, 

temperature and time were kept constant. Only the pH was varied. At the end of each experiment 
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solution was filtered and both filtrate as well as remaining solution (liquid samples C1-C11) 

were analyzed using various qualitative and quantitative methods described in the present 

chapter. Samples from the pH variation experiments and the conditions under which they are 

treated along with the techniques used to analyze them are listed in Table 1. 

Table 1: Samples of lead adsorption experiments, the conditions under which they are treated 
with magnetite and the techniques used for their analyses listed. 

 

Sample no. Sample  
form 

Initial lead  
Concentration 
(ppm) 
 

pH Temperature 
(oC) 

Time 
(hrs) 

Magnetite 
concentration 
(g) 

Analysis 

L1 liquid 5 8.5 200 2 0.5 ICP-AES 

L2 liquid 10 8.5 200 2 0.5 ICP-AES 

L3 liquid 20 8.5 200 2 0.5 ICP-AES 

L4 liquid 25 8.5 200 2 0.5 ICP-AES 

L5 liquid 150 8.5 200 2 0.5 ICP-AES 

L6 liquid 175 8.5 200 2 0.5 ICP-AES 

S1 powder 5 8.5 200 2 0.5 FTIR,XRD 

S2 powder 10 8.5 200 2 0.5 FTIR,XRD 

S3 powder 20 8.5 200 2 0.5 FTIR,XRD 

S4 powder 25 8.5 200 2 0.5 FTIR,XRD 

S5 powder 150 8.5 200 2 0.5 FTIR,XRD 

S6 powder 175 8.5 200 2 0.5 FTIR,XRD 

C1 liquid 150 3.3 200 2 0.5 ICP-AES 

C2 liquid 150 4.3 200 2 0.5 ICP-AES 

C3 liquid 150 5.3 200 2 0.5 ICP-AES 

C4 liquid 150 6 200 2 0.5 ICP-AES 

C5 liquid 150 7.1 200 2 0.5 ICP-AES 

C6 liquid 150 7.3 200 2 0.5 ICP-AES 

C7 liquid 150 8.8 200 2 0.5 ICP-AES 

C8 liquid 150 9.3 200 2 0.5 ICP-AES 

C9 liquid 150 9.65 200 2 0.5 ICP-AES 

C10 liquid 150 9.9 200 2 0.5 ICP-AES 

C11 liquid 150 10.3 200 2 0.5 ICP-AES 
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Various methods were used to do qualitative and quantitative analysis of samples S1-S6, 

L1-L6 and samples C1-C11 in order to find the mechanism involved and the adsorption isotherm 

data. Non destructive methods like spectroscopy and diffractometry were used. Thermal analysis 

was also done which is destructive in nature. Principle of each method is described in this 

chapter along with its application in the current project.  

Spectroscopy produces spectra which arise from interaction of electromagnetic radiation 

with the sample. The type of interaction, electronic or nuclear transition, molecular vibration or 

electron loss, depends on wavelength of radiation. Fourier Transform Infrared 

Spectrophotometry (FTIR) is the technique used here. Diffractometry involves interaction of X-

rays, electrons or neutrons with atoms of solid. XRD is used here which recognizes the regular, 

long arrangement of atoms in a crystal by which a mineral is defined and is most reliable for 

identification of iron oxides when compared to other spectroscopic and other methods. Thermal 

analysis registers the heat released or consumed (DTA), weight loss (TGA), energy input (DSC) 

compared to an inert standard on application of heat.  

3.2 Experimental Techniques used for Quantitative Analysis 

3.2.1. Inductively Couple Plasma- Atomic Emission Spectroscopy (ICP-AES)  

It is an analytical technique for elemental determinations in the concentration range of 

major to trace. It applies to all elements except argon and samples can be solid, liquids or gases. 

Liquids are the most common though. 

ICP-AES Working Principle 

 It is based on the fact that excited electrons emit energy at a given wavelength as they 

return to the ground state the energy of which is characteristic to a particular element. It derives 

analytical information from atomic spectra in the optical region of the electromagnetic radiation 
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which is the ultraviolet, the visible and the near infrared. Sample is dissociated into free atoms 

and/or ions by an excitation source which provides the energy for the atomization of the sample 

and excitation of the free atoms and ions of the elements to be determined. 

 Inductively coupled plasmas are used as excitation sources in AES. The excited atoms 

emit electromagnetic radiation at a wavelength characteristic of a particular element. The 

intensity of this emission is indicative of the concentration of the element within the sample. ICP 

is a plasma source in which time-varying electric current is passed through a coil, it creates a 

time varying magnetic field around it, which in turn induces azimuthal electric currents in the 

rarefied gas, leading to break down and formation of plasma. 

ICP-AES Applications in the Current Project 

ICP-AES can do simultaneous multi element quantitative and qualitative analysis in parts 

per billion to parts per million ranges. Major, minor and trace elemental components can be 

determined. This technique was used to find the final/equilibrium concentration of lead in 

samples C1-C11 and samples L1-L6. 

ICP-AES Sample Preparation  

Most samples are analyzed as solutions. Solids are dissolved to form solutions. For all the 

samples a water blank and a process blank was analyzed and found to be less than 0.05 PPB so 

no background correction for the water or the process was necessary. The liquid samples were 

analyzed without any preparation and the results were listed in ppm as found in the sample. The 

solid samples were weighed and digested in 5 ml nitric acid and 5 ml hydrochloric acid, heated 

to approximately 100oC with water added to prevent drying. The digested samples were allowed 

to cool and decanted to remove any undigested deposit. The samples were then brought up to 

100 ml with demineralized water and analyzed. The lead concentration was determined and then 
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 the total lead in the deposit was calculated. 

3.3 Experimental Techniques used for Qualitative Analysis and Adsorbent Characterization for 

Mechanism Study 

3.3.1. X-ray Diffraction 

X-rays are a portion of the electromagnetic spectrum having wavelengths 1 to 100 Å and 

have wave and particle properties. Only 0.3 to 2.5 Å is used in X-ray diffraction. Most of the X-

ray sources use a high energy electron beam directed on a cooled metal target so that when the 

electrons are decelerated, X-rays are produced which is called bremsstrahlung radiation. Another 

way is when electron beam collides with the electrons of the target atoms and knock some target 

electrons out leaving the target atoms in a high energy excites state. The stored energy is released 

when electrons from other orbitals drop into vacant orbital. These electron transitions are 

quantized and radiation emitted has specific wavelengths called characteristic radiation and the 

spectrum would depend on the target element. 

XRD Working Principle  

Goal of X-ray diffraction is to characterize the unit cell by determining its size, shape, 

symmetry and arrangement of atoms which can be determined from the collection of angles at 

which diffracted X-ray beams are detected.  

X-ray diffraction involves interaction of electromagnetic radiation with a wavelength of 

around 0.1nm with the atoms in the solid. On this interaction scattering occurs from a periodic 

arrangement of scattering centers with spacings of the same order of magnitude as the 

wavelength of radiation. Thus a diffracted beam is produced by such scattering only when 

certain geometrical conditions are satisfied. 

The typical setup for XRD technique involves an X-ray source, which is impinged at an 
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 angle with the specimen, and the resulting X-rays obtained from the specimen are detected by a 

detector. Powder sample is placed in a collimated monochromatic beam of X-ray radiation. For 

crystalline materials diffraction would take place to produce a diffraction pattern. The angular 

position of the diffracted X-ray beam, θ, depends on the spacings d between planes of atoms in a 

crystalline phase and on the X-ray wavelength λ which is called the Bragg’s law. This relation 

can be used to study the crystal structure, phase transformation and other physical characteristics. 

nλ =2dsinθ ( 3.1) 

The intensity of the diffracted beams depends on the arrangement of atoms on these planes. 

The orientation and interplanar spacings of these planes are defined by the three integers h, k, l 

called indices. A given set of planes with indices h, k, l cut the a-axis of the unit cell in h 

sections, the b axis in k sections and the c axis in l sections. For a single crystal there is only one 

orientation (hkl) plane where Bragg’s law is satisfied.  The X-ray diffraction pattern of a 

powdered phase is a plot of the observed diffraction intensity against the Bragg angle, θ. 

XRD Applications to the Current Project 

 XRD can be used to identify crystalline phases in unknown samples, characterization of 

solid state phase transformations, lattice parameters determinations etc. Samples can be in the 

form of loose powders or aggregates of finely divided material.  

1. Qualitative Phase Analysis  

Phase identification: The diffraction pattern acts as a finger print for a phase and 

qualitative identification of phases can be accomplished which is based on comparison of the 

unknown pattern with a file of powder diffraction standards. Depending on the interference 

conditions each atom plane produces a series of n reflections. From these patterns the interplanar 
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spacings can be calculated using Bragg equation. Each compound has its own characteristic set 

of d values and intensities which can be used for identification.  

2. Lattice Characterization 

Phase transformations/Cationic substitution:  From the line (angle) position, width and 

intensity from, nature of oxides, its quantity in a mixture, its unit cell parameters and its 

crystallinty (crystal size and order) can be deduced. The crystal structures of unknown 

compounds can be determined. Lattice characterization includes both determination of the 

lattice, lattice system and lattice type. Lattice dimensions are extremely sensitive to very subtle 

structural effects. Even very low concentrations of impurities and defects can be detected by 

accurate lattice parameter differences. 

XRD is a convenient method to study structural phase transformation. If the phase 

transformation is of first order, abrupt change in cell parameter is observed while if it is a second 

order phase transformation, a smooth or progressive change of cell parameters and structure. In 

combination with DSC/TGA temperatures at which the transformation occurs can be deducted. 

Thus XRD gives the changes in the lattice parameters associated with the phase transformation. 

This technique can be used in the present study to observe if phase transformation of magnetite 

to maghemite is taking place.  The diffactogram of the cubic form of maghemite is identical to 

that of magnetite with some line shift towards the higher angles, whereas the tetragonal from 

displays additional X- ray lines indicating a superlattice. 

Deviations from the unit cell parameters obtained from an X-ray diffractogram of a pure 

phase may be used to quantify the extent of Fe substitution by other cations, provided the ionic 

radius of these foreign cations differs sufficiently from that of Fe3+ and the level of substitution is 

not too low. Substitutions locally distort the crystal lattice and cause peak shifting and 

 48



 broadening and it can be useful in understanding the substitution of lead in magnetite, if any. 

XRD Sample Preparation and Calibration 

The sample preparation for solid sample involves holding the sample in a special sample 

holder and allowing the X-rays to pass. The instrument was calibrated using silicon wafer. The 

samples in this study were powder samples and so a small glass plate is taken and using a 

petroleum jelly the powder sample is glued and then placed under the X-rays. 

XRD Experimental Procedure 

The X-ray diffraction patterns were obtained using CuKα radiation. The X-ray generator 

was operated at 40 kV and 44 mA. The scanning speed = 1° min–1 were employed for 

determination of precise lattice parameter. The angle 2θ was scanned from 20 to 80 degree.  

3.3.2. Differential Scanning Calorimetry / Thermal Gravimetric Analysis 

The commonly used methods for thermal analysis of iron oxides are the thermal 

gravimetric analysis (TGA) and differential scanning calorimetry (DSC) in which sample is 

subjected to a programmed temperature change and thermal effects are observed. 

DSC/TGA Working Principle  

Themogravimetry is one of the thermal analysis techniques in which temperature 

dependent weight loss of an oxide is measured and the mass change vs temperature curve is 

recorded which provides information about thermal stability and composition of the initial 

sample, that of intermediate compounds which might be formed and composition of residue if 

any. The sample is continuously heated at a constant rate 2-100oC per minute and its weight is 

measured using a balance.  

Differential thermo analysis records the temperature difference between the material 

under study and inert reference material. Such differences occur when reactions take place in 
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which heat is absorbed (endothermic) or released (exothermic). Such thermal effects are 

associated with phase transitions, order disorder transitions and chemical reactions. Plot of 

 temperature difference vs. temperature is recorded.  

Similarly heat capacity can be measured. In DSC the difference in energy inputs into a 

substance and a reference material is measured as a function of temperature while the sample and 

reference material are subjected to a controlled temperature program. The signal is recorded as a 

function of time or temperature. It can be used for identification and characterization of 

materials. 

DSC/TGA Applications to Current Project 

1. Phase Identification and Characterization 

 Identification can be done by determining sample transition temperature and/or transition 

enthalpy followed by comparison with materials with similar transition temperatures and/or 

enthalpies. Characterization is the determination of transition temperature and/or enthalpy for a 

known sample. DSC curve consists of a series of peaks on the heat flow axis, the positions, shape 

and number of which are used for qualitative identification of a substance. Areas of the peak are 

related to the enthalpy of the reaction and can help in quantitative estimation of the reactive 

substance. The exothermic peaks can be due to crystallization, oxidation and decomposition 

reactions while endothermic ones can be due to dehydration and reduction.  

2. Crystal Structure Information 

 Temperature of second endotherm, that of dehyroxylation, increases with increasing 

crystal size, crystal order and cation substitution for some iron oxides. Higher peak temperatures 

for dehydroxylation are observed as more and more substitution for iron occurs and eventually 

leads to splitting of this endotherm.  
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Exothermic peaks represent transformation to other phases like with lepidocrite the 

 exotherm indicates transformation of maghemite to hematite. The sharp exothermic peaks 

indicating transformation weaken, broaden and shift to higher temperatures in presence of some 

cations indicating co precipitation. Thermograms of magnetite show two exotherms 

corresponding to transformation first to maghmeite and then hematite. Magnetite oxidation and 

its subsequent phase transformation to maghemite in presence of lead can be studied through this 

technique.  

DSC/TGA Sample Preparation 

10 mg of the powdered/solid samples each were used as it is. Samples used were pure 

magnetite and lead adsorbed magnetite with varying concentrations of lead, 7mg and 26 mg.  

DSC/TGA Experimental Procedure 

It is to be made sure after opening the furnace that both the sample pan and the reference 

pan are empty and new and no other application is running. After taring the instrument, sample 

was put in the pan and furnace was closed. The experimental details like the sample name, 

procedure, ramp field and the temperature rate were fed into the software. Liquid nitrogen’s flow 

rate was set around 140. The method adopted for the thermal analysis was as following: 

1: Equilibrate at 225.00 °C 

2: Select gas 2(air) 

3: Ramp 5.00 °C/min to 375.00 °C 

4: Isothermal for 10.00 min 

3.3.3 Fourier Transformed Infrared Spectrophotometry  

It is one of the few non-destructive techniques which can provide information regarding 

chemical bonding in a material. The goal of basic infrared experiment is to determine the 
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changes in the intensity of a beam of infrared radiation as a function of wavelength or frequency 

after it interacts with the sample. Since the intensity-time output of the interferometer must be 

subjected to a Fourier transform to convert it into the familiar infrared spectrum (intensity – 

frequency), so this technique is called Fourier transform infrared spectroscopy. FTIR 

spectrometry uses the technique of Michelson interferometry.  

A beam of radiation from the source, is focused on a beam splitter, where half the beam 

is reflected to a fixed mirror and the other half of the beam is transmitted to a moving mirror 

which reflects the beam back to the beam splitter from where it travels, recombined with the 

original half beam, to the detector.   

The IR intensity variation with optical path difference (interferogram) is the Fourier 

transform of the (broadband) incident radiation. The IR absorption spectrum can be obtained by 

measuring an interferogram with and without a sample in the beam and transforming the 

interferograms into spectra. 

FTIR Working Principle  

Infrared radiation is electromagnetic in nature and acts like both particle and a wave. The 

radiant energy is quantized and comes in discrete packets rather than a continuum (E= hυ). The 

infrared spectral region covers the electromagnetic radiation range from about 0.75 micron to 

1mm.  

Infrared spectra arises as a result of interaction of samples with electromagnetic radiation 

in the wavelength range 1-300 micrometer. These interactions involve excitation of vibrations or 

rotation of molecules in their ground electronic state and are associated with stretching 

deformations of the ineratomic bonds and bending deformations of the interbond angles. The 
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frequency of the radiation absorbed depends upon the rotational energy levels and the force 

constants of the interatomic bonds. Increased resolution and sensitivity as well as more rapid 

 collection of data is provided by FTIR.  

Frequencies at which infrared radiation gets adsorbed by a molecule and the amount 

adsorbed are of main interests. An infrared spectrum is a plot of function of radiant power 

(energy) along the ordinate vs. frequency or wavelength as abscissa. Usually percentage 

 transmittance or percentage absorbance of radiation vs. the frequency or wavelength is plotted.  

When a molecule absorbs electromagnetic radiation, there is an increase in total energy. 

Only discrete units of energy called the quanta can be absorbed. If the energy difference ΔE 

between two quantized energy levels of a molecule placed in an electromagnetic field is a 

constant multiple of frequency of the electromagnetic radiation υ, an exchange of energy 

between the radiation and the molecules can occur. This constant is called Planck’s constant 

where Δ E= hυ 

Units used in IR: The velocity of propagation is expressed by the well known equation: 

λ=c/υ which is the relationship between the frequency (in cps cycles per second) and wavelength 

(in cm) of electromagnetic radiation c is the velocity of light= 3x1010cm/sec. The most widely 

accepted expression for the frequency of the IR radiation is the reciprocal of λ, the wave number 

and reciprocal centimeters the most commonly units. 

FTIR Applications to Current Project 

FTIR is a very useful tool to understand molecular structure, behavior and identification 

of inorganic materials. For iron oxides, IR spectroscopy is useful as a means of identification.  It 

can provide information about crystal morphology, degree of crystallinity and the extent of metal 

substitution because these properties can induce shifts in some of the IR absorption bands. It is 
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also used both to obtain information about the vibrational state of the absorbed molecules and  

the nature of surface complexes so as to investigate the nature of surface hydroxyl groups and 

adsorbed water.  

1. Qualtitative and Quantitative Analysis  

The interpretation of most metal oxide spectra involves the characterization of stretching 

frequencies of metal oxygen bonds. The origin of absorption peaks or minima in the spectra is 

because of the fact  that the frequencies of the oscillations at which atoms of any molecule 

undergo are of the same magnitude as those of infrared radiations. There exists a relationship 

between these motions of the atoms and their effects on the infrared radiations of same 

frequencies which are incident upon these molecules. The motions of these atoms are 

accompanied by a change in the dipole moment during the vibrations and if the frequencies of 

the radiation match the frequencies of the molecular motions or vibrations then this infrared 

radiation gets absorbed by resonance.  

Some of these vibrational frequencies are characteristics of the group of atoms no matter 

in what molecules they are and are called group frequencies which are useful for qualitative 

analysis of the molecules and knowing the molecule structure. Others can be characteristic of the 

molecule as a whole and are strongly dependent on kind and masses of atoms, their geometric 

arrangement in space and are called characteristic frequencies or fingerprint as they allow any 

molecule which absorbs infrared to be distinguishable from any other molecule which absorbs 

such radiation too.  

Thus when an infrared light interacts with the sample, chemical bonds would stretch, 

contract or bend. As a result a chemical functional group tends to adsorb infrared radiation in a 

specific wave number range. The correlation of the band wave number position with the 
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 chemical structure is used to identify a functional group in the sample. 

2. Adsorption Mechanism  

Molecular vibrations can be related to the symmetry of molecules and so can give us 

information about how a molecule bonds or gets adsorbed on a surface.  

When a species gets adsorbed on a absorbent the changes which might be seen in the sorbed 

FTIR spectrum from the original spectrum can be: 

1. Disappearance of some original peaks of adsorbent  

2. Absorbent peaks might shift to lower or higher wave numbers 

3. Appearance of new infrared peaks belonging to the absorbate 

4. Splitting of original bands 

Sorption of metal ions on surfaces may occur by outer sphere complexes, inner sphere 

complexes, surface precipitates or via ion exchange. FTIR can be used to obtain information on 

the sorption mechanism of metal ions on metal oxides and hydroxides due to it’s ability to probe 

chemical bonds and the dependence of adsorption on initial concentration of the adsorbate.   

It helps us distinguishing outer sphere and inner sphere complexes and gives information 

about nature of species absorbed at the water-solid interface or surface speciation. This is 

because a molecules’s normal mode vibrations become active when subjected to infrared energy. 

The normal modes are those molecular vibrations during which the atoms while moving do not 

change centre of mass or involve rotation. They may be symmetric or asymmetric. But only 

polyatomic ions can be probed by this method by M-O vibrations.  

Symmetry of ions is lowered when they are sorbed onto surfaces via an inner sphere 

complex leading to a peak split. However the outer sphere sorption has a weak impact on ion 

symmetry and only a little change may be expected between vibration wave numbers of free and 
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sorbed ions FTIR analysis. Sorption that results in perturbation of the electronic and 

sterochemical states of the sorbate but otherwise leaves the molecule and its entire electron 

complement intact is physical sorption and it involves only relatively weak Ven der waals or 

electrostatic forces between the sorbate and the sorbent. Because of this symmetry is disturbed 

only slightly from that of the free state and the frequency of vibrations or the IR spectral bands 

change only slightly leading to surface group band shifts of approximately 1 %.  

On the other hand chemisorption results in change in symmetry of the surface atoms and 

the bond between the sorbate and the sorbent is much stronger than the physical sortption. This 

chemical sorption would result in the formation of new chemical species by alteration in 

electronic structure of both the sorbate and the surface. The formation of new species would give 

a new IR spectrum. Both these types of sorption can occur simultaneously.   

Changes in frequencies of vibrations of the sorbate and the sorbent as a result of sorption 

can be due to changes in the bond strength. Shifting of bands to lower frequencies indicates bond 

weakening while a shift to higher frequencies indicates an increase in bond strength. Frequency 

of vibration is also a function of mass of the constituent atom in the bond. Changing the mass of 

either constituent will change the frequency. 

FTIR Sample Preparation 

0.001g of powder or scraped powder in case of solid sample is measured and 0.0990g of KBr 

was added to the measured sample and then the complete mixture is grinded using a mortar and a 

pestle. Care has to be taken that the mixture is homogeneous. The sample is then placed in a 13 

mm stainless steel die and is pressed using a hydraulic press. Now the sample is placed in the 

sample holder so that the laser beam passes through the centre of the pellet and the percentage of 

transmission is noted with respect to the wave number (cm-1). The spectrum obtained, when 
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compared to the standard database, gives the phase of iron oxide present in the sample. Before 

analyzing the deposit samples, blank sample made of only KBr is analyzed so as to subtract the 

background. 
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 CHAPTER 4 

 RESULTS AND DISCUSSIONS 

4.1 Quantitative Adsorption Analysis 

Treatment of Adsorption Data 

The relationship between the amount of adsorbate adsorbed on the adsorbent at constant 

temperature and pH and it’s concentration in the equilibrium solution is called an adsorption 

isotherm. The adsorption data is fitted to adsorption isotherm equations. Two of the most widely 

used equations, Langmuir and the Freundlich, can be used which are useful for summarizing 

adsorption data. They can help predicting the adsorption behavior at given conditions but cannot 

give any information about the adsorption mechanism. More information is available from the 

various surface complexation models that have been developed in recent years which give 

information regarding speciation of metal complexes. These models represent adsorption in 

terms of interaction of the adsorbate with the surface OH groups of the iron oxide. Adsorbed 

species in the electrical double layer can be located with these. Also uptake of the adsorbate can 

be plotted by varying pH which can give useful information about the adsorption sites involved. 

4.1.1 Adsorption Isotherms 

Adsorption data is presented here as a plot of lead uptake by the per unit weight of 

magnetite against the lead ion concentration in the sorption medium. pH, electrolyte 

concentration and temperature  are held constant. Adsorption isotherm’s shape is related to 

energy of adsorption, adsorption affinity and number of adsorption sites.  Capacity and 

efficiency of the adsorbent is calculated with the isotherm when equilibrium is established.  

The amount of lead bound or adsorbed on magnetite is calculated as: 

qe = V (Co-Ce)/ M   (4.1) 
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Where qe = lead uptake (mg/g of adsorbent), V= total solution volume (mL), Co,Ce = initial and 

final concentration of lead in solution (mg/l) and M = amount of the added adsorbent on the dry 

basis (g). 

Final concentrations of lead in solution (Ce) analyzed by inductively coupled plasma -

atomic emission spectroscopy (ICP-AES) and initial concentrations of lead in solution (Co) were 

used to calculate the quantity of lead adsorbed per g of magnetite (qe) using equation 4.1. Ce/qe 

was calculated and plotted against Ce in the Langmuir isotherm. logqe was plotted against logCe

in the Freundlich isotherm. Table 2 gives the initial lead concentration (Co) in mg/l, final lead 

concentration (Ce) in mg/l, quantity of lead adsorbed (qe) in mg/g, Ce/qe, log Ce and log qe values 

used to plot the isotherms. 

Table 2: Initial lead concentration (Co) in mg/l, final lead concentration (Ce) in mg/l, quantity of 
lead adsorbed (qe) in mg/g, Ce/qe, log Ce and log qe listed. 

 
Sample 

number 

Co(mg/l) Ce(mg/l) qe(mg/g) Ce/qe logCe logqe

L1 5 0.0254 1.4923 0.0170 -1.5951 0.1738 

L2 10 0.0751 2.9774 0.0252 -1.1243 0.4738 

L3 20 0.0911 5.9726 0.0152 -1.0404 0.7761 

L4 25 0.138 7.4586 0.0185 -0.8601 0.8726 

L5 150 1.38 44.586 0.0309 0.1398 1.6491 

L6 175 2.351 51.794 0.0453 0.3712 1.7142 

 

The adsorption isotherm obtained by plotting qe vs Ce is given in Figure 4. The adsorption 

isotherm is more likely to be nonlinear although a fixed conclusion could not be made 

considering the fact that lesser number of points and wide range of concentration was involved. 

Nonlinear adsorption is characteristic of lead adsorption to different types of sites as a function of 

surface loading with the most energetically favored sites being occupied first. In heterogeneous 
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media, like magnetite powder used in this study, there is a high possibility of a large variety of 

surface sites. Also ion exchange sites are heterogeneous.  

The isotherm is L shaped or L type isotherm. Slope decreases as concentration increases. 

This might be indicative of the fact that vacant adsorption sites decrease as the adsorbent 

becomes covered. It suggests the higher affinity of magnetite for lead at low surface coverage or 

lower concentrations but a decreasing amount of adsorbing surface as adsorption progresses or at 

higher concentrations. There is no strong competition from the solution/solvent. This is unlike 

the S shaped isotherm which shows competition between the adsorbent and the solution for the 

adsorbate and which suggests low affinity at lower concentration but increasing affinity with 

increasing concentrations.  

Magnetite has charged sites due to the ionic groups bound into the lattice which are 

responsible for the adsorption of lead. These hydroxyl (OH) groups form complexes with the 

Pb2+ ions. One of the other reasons for filling up of vacant adsorption sites at higher 

concentrations can be because of surface precipitation which covers the adsorption sites. Also 

saturation of ion exchange sites could cause lesser number of vacant adsorption sites as 

adsorption progresses to higher values.  

Langmuir Model 

The isotherm is linearised in this study by first fitting the equilibrium adsorption data to 

the Langmuir isotherm which assumes that sorption takes place at specific homogenous sites. In 

this model adsorbate and solvent molecules compete to adsorb on sites on the surface of the 

adsorbent. Each site must be occupied by either a solvent molecule or an adsorbate molecule. If 

there is a proper fit to Langmuir, it suggests that the ratio of surface sites occupied by lead ions 

to those unoccupied is proportional to concentration of lead in solution. There would be finite 

number of adsorption sites with equal free energy of adsorption and constant adsorption intensity 
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up to the mono layer coverage. The classical Langmuir model is limited to monolayer 

adsorption.  There is a single surface species with fixed number of sites for complex formation. 

All binding sites have same affinity for sorbate and a single layer coverage are the main 

assumptions. There are fixed number of sites so at higher water concentrations, concentration of  

OH groups saturate and becomes constant. 

Assumptions in the Langmuir Model 

1. All surface sites have the same adsorption energy for the adsorbate and the solvent. 

2. Adsorption of either solvent or adsorbate at one site doesn’t affect the availability/adsorption 

energy of or block the next site to adsorb solvent or adsorbate.  

3. The activity of the adsorbate/solvent is directly proportional to its concentration.  

4. Adsorption cannot proceed beyond monolayer coverage. 

Langmuir equation applies to a reaction of a surface Fe atom with an adsorbate molecule 

X according to the following reaction: 

Fe + X = FeX (4.2) 

The equilibrium constant Kads then is: 

Kads =  [FeX] / [Fe][X] * exp (-∆Gads)/RT ( 4.3) 

-∆Gads is the free energy of adsorption. 

Langmuir equation is written as 

Tx=Tmax(Kads*Xaq/1+Kads*Xaq) ( 4.4) 

where Xaq= equilibrium concentration of the adsorbate, Tx = mass adsorbate/mass adsorbent,  

Tmax=level of adsorbate required to saturate all available surface sites at Xaq>1 and Kads = the  

equilibrium adsorption constant. 

This equation (4.4) relates the amount adsorbed to the equilibrium concentration, Xaq, of 
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 the adsorbate in solution. The following Langmuir equation has been applied for adsorption of 

lead ions on magnetite surface which can be easily derived from equation 4.4: 

qe=QobCe/1+bCe ( 4.5) 

The linearized equation of equation 4.5 is: 

Ce/qe=1/Qob +  Ce/Qo (4.6) 

where qe= amount of lead ion removed mg/g, Ce = equilibrium concentration mg/l , Qo and b are 

the Langmuir constants related to adsorption capacity and affinity.  

The Langmuir isotherm is obtained by plotting Ce/qe vs Ce using the values from Table 2 

and is given in Figure 5. The equation for Langmuir model obtained from the plot is: 

y = 0.0112x + 0.0178     R2 = 0.9005 (4.7) 

Thus the Langmuir model for lead sorption on magnetite under temperature and pH conditions of 

200o C and 8.5 respectively is: 

Ce/qe = 0.0112Ce + 0.0178 ( 4.8) 

When equation 4.8 is compared with equation 4.6, slope (1/Qo) and the intercept (1/Qob) 

give Qo  and b values which describe the adsorption capacity and the adsorption affinity/energy 

of adsorption. The main characteristics of the Langmuir isotherm can be expressed in terms of a 

dimensionless constant separation factor RL that is given by:  

RL = 1/(1+bCo) ( 4.9) 

Co is the highest lead concentration. 

 RL> 1 indicates unfavorable adsorption, R L = 1 indicates linear adsorption, 0<RL<1 indicates 

favorable adsorption RL, = 0 indicates irreversible adsorption. The dimensionless constant RL is 

calculated using equation 4.9 and the values of all the parameters Qo, b and RL are listed in Table 

3. 
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Value of RL  is between 0 and 1 and so indicates a favorable adsorption. The maximum amount 

of lead adsorbed per gram of magnetite (Qo) to form a monolayer on the surface was 89.28 mg/g 

and the adsorption affinity (b) for binding the metal ions on the adsorbent sites 0.629 l/mg. 

 Slope of the isotherm is 0.0112 which is less than 0.5 and thus indicates more likely of  a non 

Langmuir behavior and that the adsorption is not a monolayer type although discarding the 

Langmuir model entirely wouldn’t be accurate considering the lesser number of points involved 

while plotting the isotherms. If there is a deviation from the Langmuir isotherm, it points out to a 

multisite adsorption which can be due to surface precipitation or a heterogeneous rough surface. 

There is a variation in free energy of adsorption from site to site. Thus there is a need of a model 

which can describe multi site adsorption. Also if there is a break observed after a certain 

concentration in an isotherm linearized according to the Langmuir equation then it suggests that 

there is more than one adsorption site with different energies. 

Thus the deviation from the Langmuir model can be due to adsorbed species, multilayer 

adsorption (precipitation in case of solid solution interface) or/and surface heterogeneity. The 

change in surface charge resulting from adsorption makes subsequent adsorption more difficult 

so the free energy of adsorption varies with surface coverage. Over a limited concentration 

range, adsorption isotherm may be dominated by the filling of a single type of adsorption site but 

if the free energies of adsorption for different sites are quite close then filling of several sites will 

occur simultaneously and some type of multi site model is required.  

Freundlich Model 

Cation adsorption is often fitted to Freundlich equation. The Freundlich adsorption  

equation is particularly suitable as an empirical isotherm for heterogeneous surfaces and  

is often able to fit the experimental data over a fairly broad range of concentrations. It is 
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 applicable to non specific adsorption on heterogeneous solid surfaces and an adsorption 

isotherm lacking a plateau which indicates a multi layer adsorption. Does not imply a saturation 

of adsorptive surface unlike langmuir. Increasing the liquid phase concentration will always 

increase the amount of adsorbate adsorbed. Thus Freundlich model satisfies the requirements of 

a multisite adsorption which couldn’t be done by the Langmuir model as mentioned in the 

disccusions of the Langmuir isotherm results. 

Tx=Kads Xaq 1/n (4.10) 

where Xaq= equilibrium concentration of the adsorbate, Tx = mass adsorbate/mass adsorbent, Kads 

the equilibrium adsorption constant and n characterizes the adsorption affinity 

Thus the equation 4.10 can be written as: 

qe=KCe
1/n (4.11) 

where qe=amount of lead  adsorbed per unit mass (mg/g), Ce is the lead concentration at 

equilibrium (mg/l), K is the adsorption capacity of the adsorbent magnetite and 1/n is an 

indication of adsorption intensity. 

The equation 4.11 can be linearized to find K and n: 

log qe= log K + (1/n) log Ce (4.12) 

n and K can be calculated from slope and intercept of the plot of the log of amount of lead 

adsorbed per unit mass of adsorbent (log qe) against the log of concentration of lead at 

equilibrium (log Ce). 

Freundlich isotherm was obtained by plotting log qe vs log Ce (Figure 6) using values 

from Table 2. The equation for Freundlich model obtained from the plot is: 

y= 0.7984x + 1.4901   R2 = 0.9784  (4.13) 

Thus the Freundlich model for lead sorption on magnetite under temperature and pH conditions 
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of 200o C and 8.5 respectively is: 

logqe = 0.7984 logCe + 1.4901 ( 4.14) 

When equation 4.14 is compared with equation 4.12, slope (1/n) and the intercept (log K) can be 

obtained. The values of the parameters n and K are listed in Table 3. The Freundlich constant, n 

indicates the degree of favorability of adsorption. The adsorption capacity (K) and the adsorption 

intensity (n) obtained from the intercept and the slope of the Freundlich adsorption isotherm 

were 4.437 mg/g and 1.252 g/l, respectively. The n values lie in the range of 1 to 10 and thus this 

can be classified as favorable adsorption. A smaller value of 1/n (0.7984) indicates a stronger 

bond between adsorbate and adsorbent and as 1/n approaches unity  that rather than approaching 

0 it is might be because surface heterogeneity  increases and there is a narrow distribution of 

adsorption site types  , while a higher value for K indicates rate of adsorbate removal is high. 

On a heterogeneous surface, binding energy of the adsorbate won’t be fixed and there 

would be distribution of binding energies. Surface of a powdered magnetite sample used in the 

present study is expected to be heterogeneous with a broad spectrum of activity in the adsorption 

sites. The heterogeneity would arise because various crystal planes are exposed each of which 

offer different adsorption sites. Various surface sites on a heterogeneous surface could be due to 

varying number of atoms in terrace, steps, kinks and presence of point defects like the vacancies. 

Thus structural diversity of crystal faces, presence of exposed edges, corners and defects could 

cause the heterogeneity on the surface of the adsorbent in the present study suggesting a multisite 

adsorption.  

The adsorption isotherm fits very well to the Freundlich model and this suggests that  

multisite adsorption of lead is taking place on magnetite surface. The hypothesis is that at low 

 surface coverage sorption takes place at the higher affinity sites and, once these sites are 
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 saturated, further sorption occurs at lower affinity sites. Some sites are highly energetic and bind 

the adsorbate strongly whereas others are less energetic and bind the adsorbed ions weakly. The 

rate of adsorption varies with the strength/ energy of the site which leads to possibility of more 

than one monolayer of coverage.  The Freundlich adsorption isotherm suffers from the 

disadvantage that it doesn’t imply an adsorption maximum and it does not generally become 

linear at low concentrations. Thus it cannot be used to estimate adsorption outside concentration 

range from which parameters were derived. 
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Figure 4: Adsorption isotherm of lead adsorbed on magnetite under temperature and pH 

conditions of 200oC and 8.5 respectively. 
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Figure 5: Langmuir model for the equilibrium adsorption data of lead sorption on magnetite 
under temperature and pH conditions of 200oC and 8.5 respectively. 
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FREUNDLICH ISOTHERM
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Figure 6: Freundlich model for the equilibrium adsorption data of lead sorption on magnetite 
under temperature and pH conditions of 200oC and 8.5 respectively. 
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Table 3: Estimated adsorption parameters and statistics of model for for lead adsorption on 
magnetite under temperature and pH conditions of 200o C and 8.5 respectively. K is the 

adsorption capacity parameter and n is the adsorption intensity parameter. 
 

Models Langmuir Freundlich 

Equations qe=QobCe/1+bCe qe=KCe
1/n

Ce/qe vs Ce log qe vs log CeRegression correlation 

coefficient (R2) 0.9005 0.9784 

Qo (mg/g) b (l/mg) RL K (mg/g) n (g/l) Empirical constants 

89.28 0.629 0.40 4.437 1.252 

 

4.1.2 Effect of pH on Lead Adsorption on Magnetite 

pH of solution has been considered to be the “ master variable” governing metal ion 

adsorption to oxide surfaces. pH not only influences site dissociation but also the solution 

chemistry of the heavy metals like the hydrolysis , complexation by surface functional groups  

and precipitation. Thus it is an important factor affecting the adsorption process. 

Metal uptake or lead adsorbed per unit mass of magnetite was calculated using equation 

4.1. Lead uptake (%) was calculated using equation 4.15: 

Lead uptake (%)= ((150-Ce)/150)*100)) (4.15) 

Table 4 lists the final concentration of lead in solution (Ce) analysed by ICP-AES, calculated 

values of metal uptake in mg/g and % using equations 4.1 and 4.15. Metal uptake values were 

plotted against the values of pH to study the effect of pH on the lead sorption behavior on 

magnetite. Figure 7 shows the lead uptake (%) vs pH plot under the conditions of lead treatment 

on magnetite in the present study. 

pH is an important factor controlling adsorption because it controls both the hydrolysis of  
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the cation and surface charge of the oxide. Adsorption observed here is not a strong function of  

pH . There is absence of any narrow pH range where adsorption increases from 0 to 100% as 

observed for inner sphere complexes. Thus chemisorption is not a possibility. The adsorption of 

lead on magnetite at 200oC is more likely to be physisorption  or via outer sphere complexes  in 

which there is no change in the coordination sphere of the lead ion.  

 Two types of sorption sites on magnetite can be: 

1. Surface hydroxyl groups which are pH dependent and  protonation of which can be 

represented by equations 4.16 and 4.17. 

2. Permanent charge exchange sites given by equation 4.18 which arise due to isomorphous 

substitution or cation vacancies and are pH dependent.   

When magnetite contacts with water, the surface sites (hydroxyl groups) behave 

amphoterically by exchanging protons with the water phase which has adsorbable solutes like the 

protons and the hydroxide ions. Surface charges develop on magnetite as a result of 

chemisorption of water i.e. water splits into H+ ions and OH- ions to form a hydroxylated 

surface. Thus development of charge on the magnetite surface can be looked at as adsorption of 

these H+ and OH- ion or dissociation of surface FeOH sites (4.16 and 4.17). When an excess of 

protons (H+) adsorb at low pH, the magnetite surface sites would be positive (4.16) and they 

would be negative (4.17) when the complexes they form are deficient in protons at high pH. 

When the oxide comes in contact with aqueous solutions, surface –site complexes form among 

surface sites (Fe-OH) and all solutes in solution like the protons, hydroxide ions and the lead 

ions. Thus this type of sorption site is pH dependent and the surface hydroxyl groups carry 

variable charge. 

                                            FeOH2+ =  Fe OH + H+ ( 4.16) 
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FeOH = Fe O- + H+ (4.17) 

AR+C=CR+A   (4.18) 

Where R denotes the matrix. A and C are the exchanging ions.  

Cations are most likely to adsorb on the anionic metal oxide surface site Fe O- (4.19) to 

give an adsorbed surface complex and form a single cation plus surface site FeOPb+ (4.20) or a 

monohydroxylated cation plus surface site of the type FeOPbOH (4.21) or a single cation plus 

double surface site.  When the pH dependent surface hydroxyl sites are protonated  at low pH  

cation sorption is low because the oxide surface is positive charged while at high pH these sites 

are deprotonated resulting in a negative surface charge and increased sorption.                                           

FeO- + Pb2+ = FeOPb+   (4.19) 

FeOPb+ + OH- = FeOPbOH (4.20) 

2FeO- + Pb2+ = FeO  Pb (4.21) 
               FeO 

The adsorption behavior observed in the present study is independent of pH and suggests 

that the sorption on variable charge surface hydroxyl sites which is dependent on pH and 

involves inner sphere complexes, as described in the above paragraphs, is not the dominant 

sorption mechanism. The sorption site is independent of pH and thus carries a permanent charge. 

Sorption of lead ions is occurring by a permanent charge and can be best described by the cation 

exchange model. The permanent can arise from ionic substitution or crystal lattice defects like 

the site vacancies in the internal structure of magnetite. Thus structural imperfection gives rise to 

this permanent charge. This does not suggest that there is no adsorption via surface hydroxyl 

sites occurring at all but that the sorption of lead ions on magnetite occurs because of permanent 

charge in the lattice and not due to the charge on the surface hydroxyl groups. 

Due to ion size limitation, lower valence element usually substitutes for the higher 
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 valence one.   Substitution of divalent lead ion for trivalent iron will leave a negative charge on 

the surface. The permanent negative lattice charge is balanced by cations in the exchange sites. 

These lead cations are readily exchangeable with other Fe2+ or Fe3+ cations.  So sorption of lead 

in these exchange sites via ion pairing is the dominant sorption mechanism rather than sorption 

due to the surface-site complexes. Substitution charge deficiencies are more likely to extend 

throughout the lattice. To accommodate this distribution the compensating lead ions must 

somehow be distributed throughout the interior of the structure. But magnetite surface is 

surrounded by water and so exchangeable lead cations are not directly attached to the surface and 

exchange would occur at the exterior. It is reversible, continuous and governed by charge. 

Isomorphous substitution on the other hand takes place within the magnetite structure/lattice. It is 

irreversible and is governed by size. 

As the result of lattice negative charge compensated by metal cation, outer sphere 

complexes are formed. Lead sorption to these cation exchange sites is non specific and pH 

independent. Such outer sphere complexation facilitates cation exchange. Thus the sorption 

mechanism involves electrostatic attractions between Pb2+ ions (counter ions) and the permanent 

negatively charged sites on magnetite. Cations involved in the ion exchange reaction form outer 

sphere complexes surrounded by waters of hydration and not directly bound to the magnetite 

surface. Outer sphere complexation occurs because the Lewis base surface functional group does 

not have enough strength to break/dislodge water of hydrations from the primary hydration 

sphere of the lead cation. This way the OH functional groups participate in the ion exchange 

reactions and it can be deduced that ion exchange is accompanied by adsorption though the 

sorption mechanism would be ion exchange. There can be adsorbed lead ions in addition to the 

ones compensating for the negative charge and placed in the cation exchange sites. Ion exchange 
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and adsorption resemble each other in the sense that both involve taking up of a lead ions by the 

magnetite sample. The only difference would be that in ion-exchange every lead ion which is 

removed from solution is to be replaced by equivalent number of iron ions while in adsorption 

the lead ions would be taken up without any replacement required. 

From pH varying experiments, it can be deduced that lead ions are getting sorbed on the 

permanently negatively charged ion exchange sorption sites rather than the surface hydroxyl 

sorption sites/ surface complexation sites which are pH dependent. pH independent cation 

exchange sites are involved. Exchangeable ions are held by magnetite surface through a weak 

electrostatic or non specific interaction. Specific chemical interactions are not dominant here and 

so the sorption is determined by the charge of the adsorbate. Ion exchange involves substitution 

of iron ions present in the magnetite lattice by lead ions from the solution. These ion exchange 

reactions between lead and iron ions of magnetite are expected to be rapid and diffusion 

controlled. The rate determining step can be either that of diffusion across the boundary film of 

the aqueous solution or that of diffusion in and through the magnetite structure. Lead ions are 

incorporated into the oxide structure and exist as a charge balancer on an exchange site to 

balance substitution. If there is no substitution, surface behavior would be close to explained by 

equations 4.19-4.21. When the exchange sites become saturated with metals, adsorption is likely 

to decrease. 

Magnetite is treated with lead at 200oC in the present experiments and so is expected to 

oxidize. During oxidation, the Fe2+ ions diffuse to the surface and oxidize to Fe3+ ions because of 

which cation vacancies are created. Thus it has a metal deficiency due to absence of Fe2+ ion 

from the lattice site which can be balanced by an adjacent ion having higher positive charge 

which would be Fe3+ ions in this case as lead ions are similarly charged as Fe2+ ions. This defect 
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has the tendency to disturb the stoichiometry of the oxide. In oxidized magnetite, there are more 

number of Fe3+ ions present. 

Table 4: Final concentration of lead in solution (Ce) in mg/l , calculated values of lead uptake on 
magnetite in mg/g and % listed for the experiments in which pH was varied between values of 

3.3 and 10.3. 
 

Sample 
number 

pH Ce (mg/l) Metal 
uptake(mg/g) 

Metal uptake (%) 

C1 3.3 0.042 44.98 99.972 

C2 4.3 0.908 44.72 99.39467 

C3 5.3 1.001 44.69 99.33267 

C4 6 0.081 44.97 99.946 

C5 7.1 0.702 44.78 99.532 

C6 7.3 0.106 44.96 99.92933 

C7 8.8 1.24 44.62 99.17333 

C8 9.3 3.179 44.04 97.88067 

C9 9.65 1.476 44.55 99.016 

C10 9.9 0.883 44.73 99.41133 

C11 10.3 3.182 44.04 97.87867 
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Figure 7: Lead uptake(%) on magntite vs pH plot at constant temperature, pH and initial lead 
concentration values of 200o C, 8.5 pH and 150 ppm respectively. 
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4.2 Adsorption Mechanism Study 

4.2.1 Qualitative and Quantitative Analysis using X- ray Diffraction 
 
Qualitative Analysis 

 The phases present in the samples are identified by positions of the lines and their 

relative intensities. XRD patterns of pure magnetite and lead loaded magnetite at various 

concentrations at a temperature of 200 o C for 2 hours at a pH of 8.5 are recorded with CuKα 

radiation as shown in Figure 8 (a-g). The XRD pattern of pure magnetite matches well with 

PDF#98-000-0073 which is given in Table 5.  

Comparing the diffraction patterns of lead processed magnetite with the untreated 

magnetite, no new peaks were observed. This suggests that no new chemical species like 

precipitates or new phases like maghemite were formed. XRD is not sensitive enough to detect a 

surface precipitate at such a low concentration though. A shift of the major diffraction peak 

2θ=35.75o to the left side or angles as low as 2θ=35.42o is seen which suggests distortion in the 

magnetite structure. The magnified portion at angle 35o of all the x-ray diffraction patterns with 

different concentration of lead is given in Figure 9 which shows the increase in peak shift with 

increasing lead concentrations. This peak shift indicates the increase of unit cell parameter or 

that the unit cell is expanding. One of the explanations for this could be lead cation substitution. 

Lead cation is a larger ion than Fe2+ or Fe3+ and is expected to increase lattice spacing on 

substitution. There is a possibility of lead occupying the interstices in the oxygen framework. It 

will not modify the structure but will affect the unit cell dimensions.  
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Table 5 : PDF#98-000-0073 Magnetite Fe3O4
Radiation=CuKa1 Lambda=1.5406 2T=18.285-118.758 I/Ic(RIR)=5.22 

Cubic, Fd-3m (227) Z=8 CELL: 8.3969 x 8.3969 x 8.3969 <90.0 x 90.0 x 90.0> 
Density(c)=5.195 Vol=592.0 

Strong Lines: 4.85/1 2.97/3 2.53/X 2.42/1 2.10/2 1.71/1 1.62/3 
 

2θ I hkl d 

18.285 3.59 ( 1 1 1) 4.848 
30.077 24.49 ( 2 2 0) 2.969 
35.426 100 ( 3 1 1) 2.532 
37.058 6.85 ( 2 2 2) 2.424 
43.054 26.01 ( 4 0 0) 2.099 
47.140 0.72 ( 3 3 1) 1.926 
53.412 14.48 ( 4 2 2) 1.714 
56.937 49.95 ( 5 1 1) 1.616 
62.522 72.93 ( 4 4 0) 1.484 
65.737 1.73 ( 5 3 1) 1.419 
70.927 6.75 ( 6 2 0) 1.328 
73.962 17.4 ( 5 3 3) 1.281 
74.963 7.84 ( 6 2 2) 1.266 
78.924 5.72 ( 4 4 4) 1.212 
81.858 1.08 ( 5 5 1) 1.176 
86.705 8.84 ( 6 4 2) 1.122 
89.6 33.12 ( 7 3 1) 1.093 

94.426 13.22 ( 8 0 0) 1.05 
102.229 5.35 ( 8 2 2) 0.99 
105.207 23.32 ( 7 5 1) 0.97 
106.209 5.13 ( 6 6 2) 0.963 
110.271 10.27 ( 8 4 0) 0.939 
113.388 0.88 ( 9 1 1) 0.922 
118.758 3.48 ( 6 6 4) 0.895 
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Figure 8: XRD pattern of a)unloaded magnetite,  lead treated magnetite with b) 5ppm lead, c)10 
ppm lead, d)20 ppm lead, e) 25 ppm lead and f) 150 ppm and g)175 ppm lead at same conditions 

of a temperature of 200oC for 2 hours at a pH of 8.5. 
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Figure 9: XRD peak shift of loaded magnetite with increasing lead concentrations. 

Quantitative analysis 

Precise knowledge of the lattice parameters of magnetite and lead loaded magnetite 

samples is necessary in order to understand and detect any structural changes ,even if minute, 

associated with addition of lead in magnetite. For the precision of lattice parameter 

measurements careful experimental techniques were used and mathematical corrections of the 

experimental data were made.  

The procedure adopted for the precise measurements was as follows: 

1. Choosing convenient equipment which gives high accuracy and careful experimental 

techniques.  

2.  Graphical and averaging procedures were applied to deal with systematic errors. The method  
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was selected on the basis of applying it to standard magnetite, lattice parameter of which is 

known to a high degree of accuracy so that reliability of the procedure could be known. Highest 

accuracy is obtained by lines with the largest reflection angles. 

It has been observed that many errors vary in a systematic manner and decrease with 

increasing reflection angle. Because of this some extrapolation is desirable. The selection of 

extrapolation depends on importance of each source of error. The accuracy of extrapolation 

method depends on the presence of several well spaced suitable lines in the back reflection 

region with one or more above θ=60o and magnitude of random and systematic errors. The 

approach used here to extrapolation is the graphical one called the Bradley and Jay method based 

on least squares method. Graphical approach is simple and best suited for cubic crystals  

In a cubic sample parameter a is directly proportional to spacing d of any particular set of 

Bragg planes. Spacing d was calculated by measuring Bragg angle θ for each plane (hkl )and 

Bragg’s law was used to determine d.  

nλ = 2d sinθ (4.22) 

a was calculated from d.  

d2 = a2 / h2 + k2 + l2 (4.23) 

 Lattice parameters for all the different lines in an individual XRD pattern were found by 

using equations 4.22 and 4.23 and then the average was calculated. The lattice parameter 

calculations for unloaded magnetite, lead treated magnetite with 5 ppm, 10 ppm ,20 ppm, 25 

ppm, 150 ppm and 175 ppm are given in Appendix A. It is evident from the equations 4.22 and 

4.23 that precision in a depends on precision in sin θ which is a derived quantity and not in the 

precision of θ which is a measured quantity. A very accurate value of sinθ can be obtained by 

measuring θ near 90o. Thus the key to precision in parameter measurements lies in the use of 
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back reflected beams having 2θ values as much close to 180o as possible. If measured values of a 

are plotted against certain functions of θ rather than θ or 2θ directly then a straight line can be 

obtained which can be extrapolated to find the true value of a. In this way systematic errors 

which are inherent in recording and measurement of reflection angles and are geometrical or 

physical in nature can be eliminated. Thus to calculate precise lattice parameter using the 

extrapolation or graphical method, lattice parameter was plotted against cos2θ /sin θ and the line 

was extrapolated to θ=90o. 

Figures 10 and 11 show variation of lattice parameter with increasing lead concentrations 

calculated according to averaging and extrapolation methods. Both trends are similar showing an 

increase in the lattice parameter with increasing lead concentration. According to averaging 

method,   lattice parameter increases from 8.360 Å to 8.406 Å. There is an increase of 0.046 Å 

indicating substitution of lead in magnetite. According to extrapolation method there is an 

increase from 8.392 Å to 8.399 Å. The changes in the lattice parameter could be due to the 

oxidation of iron ions or substitution of lead ions or both.  

During progressive oxidation of magnetite lattice parameter changes can be correlated to 

oxidation mechanism. Maghemite has structure of spinel with cationic vacancies. Solid state 

diffusion to the crystal boundary/ surface of Fe2+ ions takes place where it oxidizes. In the 

process cation vacancies are created in the octahedral positions of the lattice because of oxidation 

of Fe2+ to Fe3+ ( 3 Fe2+ = 2Fe3+ +  ) and so they compensate for oxidation of divalent iron  

cations. Accordingly from every six octahedral positions in magnetite, one is left unoccupied in 

maghemite. All or most of iron cations will be in trivalent state in magnetite. Maghemite has 

cubic unit cell consisting of 32 O2- ions, 21⅓ Fe3+ irons and 2⅓ cation vacancies. Cations are 

distributed over 8 octahedral and 16 tetrahedral sites whereas vacancies are just confined to 
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octahedral sites.  Diffusion of iron cations is the controlling factor of oxidation because they 

have a smaller ionic radius than the oxygen ions and can diffuse faster than them. It is proposed 

that magnetite oxidises to hematite via at least two metastable maghemites.  The first of these, 

formed on low temperature oxidation by the formation of a magnetite/maghemite solid solution, 

is a face centered maghemite with lattice parameter a= 8.3419±0.0006 Å. A second maghemite, 

produced on oxidation at higher temperatures, has a primitive cubic structure and a lattice 

parameter a = 8.3505±0.0005 Å. Magnetite structure contains increased number of  tetrahedral 

Fe3+ ions and up to 3 octahedral vacancies per 32 oxygen unit cell. Vacancy defects and 

associate strain can cause the decrease in lattice parameter. Thus lattice contraction is due to 

oxidation process.  In the maghemite phase formed during magnetite oxidation, there is a 

decrease in the lattice parameter unlike the increase which we have observed in our experiments. 

This suggests that the changes in the lattice parameter are due to substitution effects of foreign 

cations and not due to the oxidation of magnetite.  

The increase in lattice parameter with increasing lead content suggests that the synthetic 

magnetite used as the adsorbent under alkaline conditions at high temperatures incorporates Pb2+ 

into its structure by isomorphous substitution. Lead ions occupy the interstices of the oxygen 

framework. 

The likelihood of substitution in any species depends on the similarity of the ionic radii 

and the valency of the cations. Substitution is easier and more common at high temperatures. 

Magnetite in the present study was treated with lead at high temperatures due to which the 

internal high thermal energy will lower down the stringent space requirements needed for ionic 

substitution and extensive lead substitution can occur. Magnetite this way can allow considerable 

amount of lead ions in place of iron ions. Porosity of magnetite and its specific surface area is 
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expected to increase with increasing temperature. Rate of the exchange is going to depend on the 

rate of lead ion diffusion within magnetite which is related to its porosity. 
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Figure 10: Averaged lattice parameter vs lead concentration. 
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extrapolated lattice paramater vs lead concentration
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Figure 11: Lattice parameter calculated by extrapolation method vs the lead concentration. 
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4.2.2 DSC/TGA Analysis of Lead Adsorbed Magnetite 

Thermal analysis of the unloaded and the loaded magnetite is done here using 

Differential scanning calorimeter to study the effect lead has on magnetite’s transformation to 

maghemite. The Figure 12 shows the differential thermograms for unloaded magnetite, loaded 

magnetite with increasing lead concentrations of 7 mg and 26.21 mg and a mechanical mixture 

of lead and magnetite.  

All the thermograms show an endothermic peak seen at 100oC which is due to release of 

adsorbed water and not due to any dehydroxylation reaction as magnetite does not have 

structural OH. The second peak which is exothermic in nature shows transformation of magnetite 

to maghemite. This peak remains unchanged in the mechanical mixture but gets weakened and 

broadened when lead is added. Also it shifts to higher temperatures, from 277.62oC to 332.97oC, 

with increasing lead concentrations suggestive of the fact that more energy is required for the 

transformation of magnetite to maghemite in presence of lead. Lead is hindering the magnetite to 

maghemite transformation by substituting in the structure or coprecipitating with the parent 

phase. Mechanical mixture does not show any change in peaks because lead doesn’t co- 

precipitate in this case due to lack of aqueous environment without which dissolution of ions 

won’t occur and their subsequent substitution or other ion based mechanisms is not a possibility. 

Maghemite can be considered as an Fe (II)-deficient magnetite and is formed by the 

topotactic oxidation of magnetite. A topotactic transformation is when there are internal atomic 

displacements which may include loss or gain of material so that the initial and final lattices are 

in coherence; the crystal structure of each particle remains intact. Iron diffuses to the surface and 

then oxidizes. This diffusion is responsible for the magnetite to the maghemite transformation.  

Network of iron atoms is partially depleted and contains only ferric ions with vacancies 
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distributed in octahedral sites. These vacancies are again important for the diffusion and 

oxidation of Fe2+ to Fe3+ as they electrically compensate for this conversion. It has a defect spinel 

structure just like magnetite. In magnetite the iron cations have radius roughly half of that of 

oxygen ions, oxygen ions are not as mobile as the iron ions and so diffusion coefficient of 

oxygen in magnetite is less than diffusion coefficient of iron in magnetite. Substitution of lead 

ions could break down the ordering of the vacancy and cation distribution of the octaheral sites 

and also lower down the diffusion coefficients of the Fe2+ ions which would hinder their 

migration to the surface, their oxidation to Fe3+ ions and ultimately retarding the transformation 

to maghemite.  

 

 

 87



277.62°C

273.82°C

312.88°C

332.97°C

0.0

0.5

1.0

1.5

2.0

H
ea

t F
lo

w
 (W

/g
)

220 240 260 280 300 320 340 360 380

Temperature (°C)

                  magnetite–––––––
                  lead magnetite mechanical mixture– – – –
                  7mg lead––––– ·
                  26.21mg lead––– – –

Exo Up Universal V4.2E TA Instruments

 
 

Figure 12: Differential thermograms of unloaded magnetite, lead magnetite mechanical mixture, 
lead substituted magnetite with additions of 7 mg lead and 26.2 mg lead. 

 
 

4.2.3 Phase Analysis of Lead Adsorbed Magnetite using FTIR 

FTIR is used here to understand structure, bonding and reactivity of magnetite and lead 

sorbed  on it’s surface. The adsorbate will influence the symmetry and thus the vibrational 

spectrum of the surface atoms to which it is bound upon sorption. Observations are made on how 

the location and intensity of the absorption bands of magnetite are affected by substitution of 

lead atoms if any or what any other effect adsorbate atoms have on these vibrations. It is also 

used to study structure of surface complexes. Based on splitting of stretching frequency due to 
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 metal coordination, the surface complex of lead and the iron oxide could be identified.  

Figure 13 shows the FTIR spectra of the three iron oxides magnetite, maghemite and 

hematite. Oxides other than magnetite have also been given to record peaks corresponding to 

each of them in order to observe later if any kind of transformation is occurring in the presence 

of lead ions or if the transformation is hindered when these ions are adsorbed. FTIR spectra of 

iron oxides have been well established. As mentioned before, Fe3O4 is a mixed cubic oxide 

which contains 2/3 Fe3+ and 1/3 Fe2+ cations. The α-Fe2O3 has hexagonal crystal structures while 

γ-Fe2O3 has a cubic structure and only contains Fe3+ ions. FTIR spectrum of magnetite exhibits 

two strong infrared absorption bands at 570 cm−1 (υ1), and 390 cm−1 (υ2). These bands can be 

assigned to Fe–O stretching mode of the tetrahedral and octahedral sites for the υ1 band at 570 

cm−1 and the Fe–O stretching mode of the octahedral sites for the υ2 band at 390 cm−1, provided 

that Fe3+ ion displacements at tetrahedral sites are negligible. Maghemite (a defective form of 

magnetite) has absorption bands at 630 cm−1 and 430 cm−1. Hematite has its characteristic peaks 

at 540 cm-1 and 470 cm-1(Figure 13). 

The entire spectrum recorded from 4000 cm-1 to 400 cm-1 showed the following peaks 

which are attributed to specific functional groups. The general range of 3600 - 3100 cm-1 
is due 

to the antisymmetric and symmetric OH stretching. The IR bands in region 1670 - 1600 cm-1  
are 

due to bending vibrations of OH in the water molecule.  

Figure 14 shows FTIR spectra of lead oxide which gives characteristic peaks at 510 cm-1 

and 477 cm-1. The spectrum was recorded to observe later if any of the lead treated magnetite 

showed any of these peaks which might be indicative of the presence of the lead ions in the 

magnetite structure. This observation although becomes challenging as the region beyond 500 

cm-1 is a spectroscopically rich or a busy region with magnetite peaks overlapping. 
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Figures 15 (a-d) show spectrum of magnetite heated at 200oC for 2 hours at a pH of 8 

without the addition of lead and the ones treated with lead in varying concentrations 10, 15, 20, 

25, 50, 100, 150, 175 and 200 ppm respectively in the same conditions. When the lead adsorbed 

magnetite was compared with the unadsorbed or the lead untreated one some of the following 

observations were made: 

1. There was a shift of the Fe-O stretching band (570 cm-1) observed in some of the samples 

to higher wave numbers. Magnetite processed with 10 ppm of lead showed a shift to 582 

cm-1 (Figure 15 a). Upon interaction of the sorbent with 150 and 175 ppm of lead, the 

stretching band shifted to 478cm-1 (Figure 15 d).  

2. Some of the samples indicate splitting of the Fe-O stretching band. 

3. There is peak broadening observed in the Fe-O stretching band for all the treated samples 

(Figures15 a-d). 

4. There are no new peaks observed although 466cm-1 peak gets intensified in many 

samples. It is clearly seen for 25 ppm treated magnetite (Figure 15 b). 

Absence of any new peaks suggests that chemisorption is not occurring and that there is 

no chemical bonding involved i.e there are no new species formed. It suggests the absence of any 

precipitate formation or transformation of magnetite to any another iron oxide phase. No 557cm-1 

peak corresponding to maghemite transformation is seen.  

Absence of any new peaks suggests that physisorption is occurring which involves 

weaker interactions, is less site-specific and with no electron transfer between the sorbate and the 

sorbent. The shift observed is indicative of interaction between the adsorbed lead and magnetite 

surface. The shift observed to higher wave numbers is only around 1.2% suggesting that 

symmetry is affected only slightly. Inner sphere complexation can be ruled out as it affects 
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symmetry of the sorbate ions to a higher extent than observed in these results. Also it leads to 

higher splitting of bands and formation of new peaks which is not observed here for any of the 

samples. The relative lower effect on the symmetry might be indicative of the fact that sorption 

has caused disturbance only in the electronic and sterochemical states of the sorbate but 

otherwise has left the molecule and its entire electron complement intact. This indicates the 

probability of occurrence of physical sorption which involves only relatively weak Ven der 

waals or electrostatic forces between the sorbate and the sorbent. Also changes in frequencies of 

vibrations of the sorbate and the sorbent as a result of sorption can be due to changes in the bond 

strength. The shift to higher wavenumbers (lower frequencies) shows that there is lower energy 

involved in resonating or stretching the bond. This can be indicative of attachment of the heavy 

mass lead ion to the Fe-O bond or some kind of complex formation. Broadening of the peaks can 

be related to the disturbance of the molecular packing and an indication of penetration of metal 

atoms into the magnetite structure. 

Thus from FTIR results lead’s presence in the magnetite structure or physical sorption of 

lead on the sorbent is occuring due to the shifts observed and the broadening of the peaks from 

the unloaded magnetite spectrum in the same treated conditions.  
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Figure 13: FTIR spectra of magnetite, maghemite and hematite. 
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Figure 14: FTIR spectra of lead  oxide (PbO). 
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Figure 15 a: FTIR spectra of magnetite heated at 200o C for 2 hours at pH of 8.5 , magnetite 

heated in the same conditions with 10 ppm and 15 ppm of lead oxide added. 
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Figure 15 b: FTIR spectra of magnetite heated at 200o C for 2 hours at pH of 8.5 , magnetite 
heated in the same conditions with 20 ppm and 25 ppm of lead oxide added. 
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Figure 15 c: FTIR spectra of magnetite heated at 200o C for 2 hours at pH of 8.5 , magnetite 
heated in the same conditions with 50 ppm and 100 ppm of lead oxide added. 
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Figure 15 d: FTIR spectra of magnetite heated at 200o C for 2 hours at pH of 8.5 , magnetite 
heated in the same conditions with 150 ppm , 175 ppm and 200 ppm of lead oxide added. 
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CHAPTER 5 

CONCLUSIONS 

1. Lead uptake by magnetite has been quantitatively evaluated for lead concentrations between 5 

and 175 ppm at 200o C at pH of 8.5. Modeling of the adsorption data has been done using 

Langmuir and Freundlich models. The regression correlation coefficients (R2) were higher for 

Freundlich isotherm (0.9784) than Langmuir isotherm (0.9005). Thus the more accurate fitting of 

the equilibrium adsorption data could be done using Freundlich model. This suggests multisite 

adsorption which could be because of heterogeneous surface, surface precipitation or ion 

exchange sites.  The maximum adsorption capacity of magnetite as an adsorbent for lead, up to 

the monolayer coverage, was calculated using Langmuir  model which was 89.28 mg/g. 

According to the multisite Freundlich model, maximum adsorption capacity was 4.437 mg/g. 

The dimensionless constant separation factor RL was 0.40 (Langmuir isotherm) and n constant 

(Freundlich isotherm) was 1.252 suggesting a favorable adsoprtion. Freundlich models the 

adsorption data better as evident from the isotherm parameters. 

2. pH independent adsorption behavior was observed while varying pH between 3 and 10. It 

suggests the absence of chemisorption or inner sphere complexation. pH independence suggests 

that a permanent charge is responsible for lead sorption which does not vary with pH. This 

charge could arise due to isomorphous substitution of a lower valence divalent lead ion for a 

higher valence trivalent iron ion leaving a permanent negative charge in the lattice which is 

responsible for attracting lead ions to the surface in cation exchange sites and being responsible 

for their sorption. Iron ions placed in lattice and lead ions placed in cation exchange sites at the 

exterior of the surface are separated by a water molecule. Adsorption is thus expected to be fast 

and reversible. Electrostatic columbic interactions are involved which are weak in nature unlike 
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inner sphere where binding is ionic or covalent. The charge on the surface hydroxyl groups, 

which is pH dependent, is not the mechanism responsible for lead sorption on magnetite in the 

present study. Thus not the surface complexation sites but the cation exchange sites would be the 

dominant sorption sites.  

3. XRD results showed the shifting of peaks to lower angles on addition of increasing lead 

concentrations. Lattice parameters were calculated by averaging and extrapolation methods. d 

spacings  and indexing of patterns was done using the MDI Jade 7 software. Both the methods 

showed similar trends of increase in the lattice parameter. Lead ion is larger in size than the Fe2+ 

or Fe3+ ion and its substitution can be responsible for this increase in the lattice parameter. The 

change in lattice parameter is not due to oxidation of magnetite or magnetite to maghemite 

transformation as this would have caused decrease in lattice parameter instead of the increasing 

values as observed in the XRD results. Lead could be causing this retardation in phase 

transformation which is otherwise expected to occur in such oxidizing conditions.  

4. DSC/TGA results showed that on addition of lead the exothermic transformation peaks of 

magnetite to maghemite shifted to higher temperatures. They weakened down and broadened. 

This suggests retardation of magnetite to maghemite transformation in presence of lead by 

substitution of lead in the magnetite structure. One of the possible explanations could be 

hindered motion or diffusion of iron ions to the surface where they get oxidized, due to larger 

sized lead ions present in the structure. Their diffusion coefficient decreases causing lesser 

amount of oxidation and slower transformation to maghemite.  

5. FTIR results also support the above possibility of outer sphere complexation or physisorption. 

Symmetry of outer sphere complexes changes only slightly as it retains water of hydration and 

does not form chemical bonds. Disturbances due to electrostatic interactions can shift the IR 
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bands to higher wave numbers. There were no new peaks observed indicating the absence of any 

chemical bonding. Broadening of the peaks might be indicative of incorporation of lead in the 

magnetite structure. 

Summary:  

The above conclusions are  a major contribution to the studies done in order to lower 

down lead initiated stress corrosion cracking in steam tubings of pressurized water reactors in 

nuclear power plants as well as environmental studies to lower down this toxic metal in aqueous 

environments. Magnetite is present in these tubings and can act as a very effective adsorbent for 

lead. It can immobilize lead as evident from the present study by forming a solid solution with it 

and forming outer sphere complexes in cation exchange sites. Also presence of lead in magnetite 

structure would retard its transformation to higher state oxides. The present methodology of 

adsorption study has been successful in evaluating lead’s sorption behavior on magnetite.   Lead 

can successfully be removed from such aqueous environments by it’s adsorption on magnetite.  
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CHAPTER 6 

RECOMMENDATIONS AND FUTURE WORK 

1. Adsorption study with the same methodology can be applied to study adsorption behavior 

of lead on magnetite at lower values of concentration as in many cases lead initiated 

stress corrosion cracking has been observed even at values as low as 0.1 ppm. The same 

methodology of the adsorption study can be done to analyze lead’s adsorption behavior at 

different temperatures and different values of pH. 

2. To study the outer sphere complexes in more details X ray adsorption fine structure 

XAFS technique can be used. It can help in knowing the local structure around lead 

atoms. Length of Pb-O bond can be determined verifying the complexation type. At 

different temperatures and pH values instead of just outer sphere complexes, inner sphere 

complexes or both can be found which can be very well observed by this technique. 

3. Lead’s diffusion behavior in magnetite can be studied using X-ray photoelectron 

spectroscopy (XPS) or Auger electron spectroscopy (AES). Depth profiles can be 

obtained which can provide us with diffusion coefficients at different values of 

temperatures and pH. Effect of time or kinetics of the adsorption can be studied by 

varying sorption behavior at different value of time and at what time maximum 

adsorption is achieved can be studied. The rate constant of metal ion adsorption can be 

calculated from the Bangham equation: 

            Qt = Kr t 1/m. Kr is the rate constant 

            By simple transformation of the above equation: 

            logQt= log Kr +( 1/m)log t 

            Plots of log Qt vs logt can give the rate constants from the intercepts. 
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4. Van’t Hoff plot for the adsorption of lead on magnetite can be used for evaluating    

thermodynamic parameters using ΔG=-RTlnKc , Kc=Ca/Ce 

ΔH enthalpy and Δ S entropy are the slope and intercept of the plot. The negative    

values of free energy  will indicate the spontaneous adsorption and positive value of 

enthalpy confirms the endothermic adsorption of lead. The positive entropy is 

characteristic of increased randomness at the solid solution interface during the 

adsorption. 

5.   Similar investigation can be done for other oxides of iron particularly for hematite which 

is a common corrosion product of iron in highly oxidative environments.  

6.   Mossbaueur spectroscopy could be used to study the sites of magnetite in which the lead 

substitution occurs. 

7.   Desorption studies along with adsorptions studies can predict lead transport in various 

environments better. 
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Lattice parameter calculations using averaging and extrapolation method for a) unloaded 
magnetite, magnetite with b) 5 ppm, c) 10 ppm, d) 15 ppm, e) 20 ppm, f) 25 ppm, g)100 ppm,h) 

150 ppm and i) 175 ppm lead added to it 
 
 
 
2θ d(Å) Corrected 2θ Corrected 

d(Å) 
h2+k2+l2 a(Å) 

30.355 2.942 30.295 2.947898 8 8.337915
35.754 2.509 35.694 2.513409 11 8.336033
43.368 2.085 43.308 2.08753 16 8.35012
53.799 1.703 53.739 1.704355 24 8.349599
57.799 1.609 57.141 1.610698 27 8.369434
62.754 1.479 62.694 1.48072 32 8.376218
71.173 1.324 71.113 1.324665 40 8.377918
74.264 1.276 74.204 1.276947 43 8.373499
75.275 1.261 75.215 1.262272 44 8.372965
   Avg:8.360411
a)Unloaded magnetite 
 
 

Unloaded Magnetite 

y = -0.0173x + 8.3928
R2 = 0.8459
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cos2θ/sinθ 
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2θ d(Å) Corrected 2θ Corrected 

d(Å) 
h2+k2+l2 a(Å) 

30.359 2.942 30.299 2.947518 8 8.33684
35.725 2.511 35.665 2.515386 11 8.342591
43.372 2.085 43.312 2.087346 16 8.349386
53.718 1.705 53.658 1.706736 24 8.361266
57.204 1.609 57.144 1.610621 27 8.369032
62.835 1.478 62.775 1.479004 32 8.366511
71.191 1.323 71.131 1.324374 40 8.376077
74.215 1.277 74.155 1.277669 43 8.378237
75.289 1.261 75.229 1.262072 44 8.371637

   Avg:8.361286
b)5 ppm 

5 ppm lead loaded magnetite

y = -0.0162x + 8.3917
R2 = 0.9533
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8.335

8.34

8.345

8.35

8.355

8.36

8.365

8.37

8.375

8.38

8.385

0 0.5 1 1.5 2 2.5 3 3.5

Lattice  
Parameter 
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                                                                    cos2θ/sinθ 
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2θ d(Å) Corrected 2θ Corrected 

d(Å) 
h2+k2+l2 a(Å) 

30.198 2.957 30.138 2.962896 8 8.380336
35.515 2.526 35.455 2.529802 11 8.390403
43.159 2.094 43.099 2.097168 16 8.388671
53.571 1.709 53.511 1.711078 24 8.382534
57.198 1.609 57.138 1.610776 27 8.369837
62.629 1.482 62.569 1.483377 32 8.39125
71.001 1.326 70.941 1.327454 40 8.395557
74.035 1.279 73.975 1.280332 43 8.395699
75.256 1.262 75.196 1.262544 44 8.374767

   Avg:8.38545
 
 
c)10 ppm 
 
 
 
 
 

10 ppm lead loaded magnetite

y = -0.001x + 8.3874
R2 = 0.0104

8.3

8.32

8.34
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0 0.5 1 1.5 2 2.5 3 3.5

Lattice  
Parameter 
(Å) 

4

 
                                                                      cos2θ/sinθ          
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2θ d(Å) Corrected 2θ Corrected 

d(Å) 
h2+k2+l2 a(Å) 

30.112 2.965 30.052 2.971179 8 8.403764
35.455 2.53 35.395 2.533952 11 8.40417

43.1 2.097 43.04 2.099906 16 8.399623
53.477 1.712 53.417 1.713867 24 8.396198
56.965 1.615 56.905 1.616817 27 8.401226
62.571 1.483 62.511 1.484614 32 8.398246
70.993 1.327 70.933 1.327584 40 8.39638
73.976 1.28 73.916 1.281208 43 8.401443

75.04 1.265 74.98 1.265644 44 8.395333
   8.399598
 
d)20 ppm 
 

20 ppm lead loaded magnetite

y = 0.0026x + 8.3947
R2 = 0.5213
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                                                                     cos2θ/sinθ 
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2θ d(Å) Corrected 2θ Corrected 

d(Å) 
h2+k2+l2 a(Å) 

30.077 2.969 30.017 2.974564 8 8.413337
35.42 2.532 35.36 2.53638 11 8.412222

43.042 2.1 42.982 2.102605 16 8.41042
53.395 1.715 53.335 1.716308 24 8.408158
56.931 1.616 56.871 1.617702 27 8.405829
62.511 1.485 62.451 1.485896 32 8.405499
70.962 1.327 70.902 1.328089 40 8.39957
73.941 1.281 73.881 1.281728 43 8.404855
74.993 1.265 74.933 1.266321 44 8.399825

   8.406635
 

e)25 ppm 

25 ppm lead loaded magnetite

y = 0.0049x + 8.3974
R2 = 0.8212

8.398
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(Å) 

4

 
 
                                                                         cos2θ/sinθ 
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2θ d(Å) Corrected 2θ Corrected 

d(Å) 
h2+k2+l2 a(Å) 

30.112 2.965 30.052 2.971179 8 8.403764
35.45 2.53 35.39 2.534299 11 8.405319

43.051 2.099 42.991 2.102186 16 8.408743
53.452 1.713 53.392 1.71461 24 8.39984
56.938 1.616 56.878 1.61752 27 8.404881
62.567 1.483 62.507 1.4847 32 8.398729

70.94 1.327 70.88 1.328447 40 8.401835
73.974 1.28 73.914 1.281238 43 8.401638

   8.403094
 f) 150 ppm 
 
 
 

150 lead loaded magnetite

y = 0.0018x + 8.3995
R2 = 0.2517
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                                                                         cos2θ/sinθ 
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2θ d(Å) Corrected 2θ Corrected 
d(Å) 

h2+k2+l2 a(Å) 

30.111 2.965 30.051 2.971276 8 8.404037
35.453 2.53 35.393 2.534091 11 8.404629
43.073 2.098 43.013 2.101161 16 8.404646
53.445 1.713 53.385 1.714819 24 8.400861
56.985 1.615 56.925 1.616296 27 8.398521

62.54 1.484 62.48 1.485276 32 8.401992
70.922 1.328 70.862 1.32874 40 8.40369

73.97 1.28 73.91 1.281297 43 8.402028
74.985 1.266 74.925 1.266437 44 8.40059

   8.402333
 
g)175 ppm 

175 ppm lead loaded magnetite

y = 0.0013x + 8.3999
R2 = 0.3161

8.3
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