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"!fwe knew what we were doing, we wouldn't call it research"
Alben Einstein

"At the end, everything is unpredictable"
Ian Malcolm



Abstract

Heavy metals are naturally present in soils but in high concentrations they can be

hazardous to the environment and human health. To understand the adsorption of the

metals, Batch tests were conducted to measure the adsorption of I, 2 and 3 mM!L

concentrations of cadmium, lead and zinc onto kaolinite over periods of 0, I, I, 2, 4, 8, 12

and 24 hours and to measure the change in hydrogen ion concentration. The kaolinite was

found to contain iron oxides which increased the point of zero charge of the kaolinite to

pH 4,7 and the pH 7 CEC to 17.8 meq/lOO g. The clay retained a maximum of 10~g

of lead, 84 ~Mlg of zinc and 6.0 j.1M1g of cadmium, Similar adsorption behaviours were

found for Pb and Zn, while Cd shows a different trend. The pH of the solution highly

influences the adsorption of Cd but it has little effect in the adsorption of the other two

metals. Among the three metals Pb was present the slowest adsorption at 0.1 hrs. From

the kaolinite reactive spaces, the aluminium hydroxyl, silicon oxide and iron oxide sites

are probably involved in the release or retention of hydrogen ions. The ratio of hydrogen

ions released to metal adsorbed is presented and the trend for each metal is examined

with their respective equations, In addition, the desorption for the I mMIL concentrations

of the three metals is examined Adsorption isotherms are used to help analyze the

adsorption data.
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Chapter I

Introduction

1.1 The Problem

Human beings are part of the whole environment and need to live in harmony with it

Unfortunately, with the development and industrialization of human society, that

equilibrium is being disrupted, leading to the contamination and devastation of the

natural resources of the earth. Heavy metals are not unfamiliar in soils since most or them

are present in very low concentrations (Leeper 1978). However, elevated levels in the

soils have been a concern due to the risk that these elements present 10 human health and

agriculture.



Sources of heavy metals in soils are a result of industrial, municipal and mine waste

disposals. In addition, there are other activities, such as oil spills and deposition of

combustion and agricultural products that increase the metal concentration in the ground

(Roberts et at 1999, Amfalk et al. 1996), Nevertheless, the increase of heavy metal

concentration in soil yields concerns about their mobilization through the soil column and

the eventual pollution of groundwater and the effect that they could have on crops (Yong

2001, Evans 1989, Amfalk et al. 1996, Leeper 1978).

High concentrations of heavy metals are known to be potentially hazardous to human

health and some of these metals do not panicipate in any biological activity. Therefore, it

is important to determine the amount of metal that will be retained in the soil column and

the amount that will be available to the food chain and humans. For this purpose, it is

important to understand the adsorption mechanism, the variables that affeet this process

and the major transport mechanisms. (Sheidegger and Sparks 1996, Singh et al 1998,

Yong and Phadungchewit 1993, Eick and Fendorf 1998)

1.2 Background

There are several studies that report the effect of the pH on the retention of heavy metals

(i.e. Farrah and Pickering 1976, Amfalk ct at 1996, Hatton and Pickering 1980).

However, most of the studies have focused their attention on how the pH level affects the

adsorption of the metals at equilibrium and there is less information about metal uptake



over time and the effect that the adsorption has on the pH. This information could help

explain the types of interactions between clay and metal ions in solution.

The three metals that will be investigated in this research are lead (Pb), cadmium (Cd)

and zinc (2n). There are several types of clay but the clay for this study will be kaolinite,

which is a mineral composed primarily of aluminium hydroxides and silicon oxides and

having a chemical formula of (OH)ISi4Al40 lo (Grim 1962) and magnified particles of

kaolinite often appear as hexagonal "plate like" shapes. This clay is a pH-dependant

mineral and its surface charge could be affected by the change in solution pH as a result

of metal adsorption. In the thesis, the term clay is used to describe all clays in general and

the term kaolinite is used when only the specific clay kaolinite is being referred to

Various authors (Evans 1989, Farrah and Pickering 1978, Yong and Phaudungchewit

1993) have established that the adsorption of heavy metals induces the deprotonization of

the clay. This reaction will release hydrogen (H-) ions to the solution, resulting in a

change in the pH value of the soil solution; this phenomenon has not been studied

extensively. This focus will add a new perspective in the study of heavy metal retention

and it may add new information that could be useful to explain the adsorption of metals

onto the soil

The reactivity of the kaolinite is enhanced at high pH values due to the protonization of

its surface. The reaction creates new reactive spaces where the cations can be held (Evans



1989, Farrah and Pickering 1978). However, this pH dependency is limited to the edge

sites of the kaolinite structure and they are the main sites that contribute to the cation

exchange capacity (CEC)

Depending upon the pH, the metal will present a stable species that will interact with the

kaolinite and will release a certain amount of H' ions from the hydroxyl groups, resulling

in Ihe deprotonization of the kaolinite. The metals can be separated from the solution by

adsorption, complexation or co-precipitation (Yong et al. 1992, Greenland and Hayes

1981, McBride 1994). The role of the pH in these processes is important because it could

enhance or inhibit the different mechanisms as a result of the interaction in the soil-water

interphase and the interaction between ions and compounds

Even when some metals are essential to life, such as Zn, most oflhem arc not part of the

reactions that take place inside the organism of any living thing. Examples of these

metals are Pb and Cd (Coles 1998), In the presence of kaolinite, both Pb and Cd increase

their adsorption with the increment of the pH levels, but Cd is more easily desorbed while

Pb tends to remain in Ihe elay (PuIs et al. 1991).

In the same solution, kaolinite has more affinity for Ph than for Cd, which is related also

10 the reversibility of the adsorption (Farrah and Pickering 1978), Due to the lack of

organic matter, which enhances the adsorption of the metals, the cations will only have

the opportunity to react with the kaolinite edges or with the aluminium hydroxide or



silicon oxide groups leading to the deprotonization of the kaolinite. Although Zn is a vital

metal for humans, animals and higher plants, the use of pesticides and herbicides has

increased its concentration in the soil disrupting the equilibrium in the ecosystem

(Kiekens 1990)

1.3 Tbe Objective

Supponed in the research by Coles (1998), the following research will try to establish the

relationship between pH and adsorption, but unlike most of the studies, the dependent

variable will be the pH of the solution rather than the concentration of metal adsorbed. In

addition, this study will also provide information about the kinetics of the reactions, the

adsorption reactions will be proposed for Zn, Cd and Pb and desorption data at variable

times will be presented for each metal.

Due to the pH-dependency of the clay, this deprotonization should alter the adsorption

conditions by lowering the pH of the solution. This reduces the negative charge on the

clay surface and decreases the adsorption capacity

The extent of change in the pH of the solution may be related to the amount of metal

adsorption and therefore, both the solution concentration of metal and the solution pH

will be measured to confirm this hypothesis. Also, the concentration of metals at different

times of exposure will be measured to detennine the kinetics of the metal retention and



the movement of H· ions between the solid and liquid phases. An increase or decrease in

the pH level means that the clay is being influenced by the metal adsorption.

The amount of hydrogen (H+) ions released by kaolinite is enough to reflect a change in

the pH of the solution. The combination of the information gathered in this study, with

the information that already exists about the effect of the pH should give a beller

understanding of the heavy metal adsorption.

Therefore, three objectives of the research are to provide a broader explanation of the

specific reactions that occur at the interphase, to study the kinetics of those reactions and

to examine the effect that these reactions have on the pH of the solution. This would be

accomplished through laboratory work and the findings may help to direct future studies

on the adsorption and desorption of heavy metals.

The methodology used is very similar to the one used in other experiments. Hence, the

results could he compared with the work of other authors The only difference in the

methodology is the concentration of heavy metals will be measured at different exposure

times, not only at equilibrium. This will help to establish the kinetics of the reaction and

the trend of the effect on the pH as a consequence of metal retention



1.4 General Outline

The thesis is organized into 5 chapters. The first chapter is the introduction of the topic

and a general overview of the research, The second chapter provides a summary of

previous work in the area and some information linked with the research. The materials

and methods are presented in chapter three. Chapter four repons and discusses the results

of the characterization and batch tests The last chapter presents the conclusions and

recommendations for future research

Raw data and other peninent information can be found in the appendix of the thesis



Chapter 2

Theoretical Background

2.1 Clay Characterization

Kaolinite is a 1: 1 layer mineral composed of aluminium octahedral sheets stacked above

silica tetrahedral sheets and this has a very stahle structure formed by advanced

weathering processes (Bear 1965, Van 01phen 1977). One silica tetrahedral sheet and a

single alumina octahedral sheet form a common layer and these layers are repeating

(Grim 1962) The silicon and the aluminium sheets share the oxygens of the silicon

oxides. The hydroxyl groups are not shared but they separate the aluminums in the

octahedral sheet



The arrangement provides a solid structure to the mineral with hydrogen bonding

between the aluminium hydroxide and the silicon oxides sheets between layers to fonn a

crystal. The two exposed layers (02
+, OH') may interact with different components in the

soil (Grim 1962). A simplified model for the kaolinite crystal is shown in Figure 2.1

Exposcd~

siles

Fil:lln: 2. t Simplified model for kaolinite er)·dal (Modified from Ma and Eg~cton 1999).

Kaolinite particles are not easily broken down as a result of its well-packed structure.

Also, this molecule does not allow water to enter between separate layers and there is no

expansion in the presence of water. Soil reactivity can be quantified by determining the



cation exchange capacity (CEC) of the soil. McBride (1994) defines CEC as "the quantity

of cations reversibly adsorbed per unit weight of mineral and the capacity depends on the

stability of the cation in the specific surface environment involved and the characteristics

ofthesoiL"

The conventional units for this property are millimoles per kilogram (mmollkg)

according to the international system of units. This property, with adsorption, plays an

important role in the interaction of plants with nutrients but also with contaminants (Tan

1982).

As a result of the stability of the molecule, the isomorphous substitution, or interchange

of elements of different valence within the clay lattice, is limited or non-existent

(Mitchell 1993). This characteristic gives a CEC for kaolinite between the range of3 to

15 meq/lOO gm as is shown in Table 2.1 The chemical formula of this compound is the

following: (OHhSi4AI40 IO (Mitchell 1993). Figure 2.2 shows a diagrammatic sketch of

the structure of kaolinite.

Table 2.1 CEC values of kaolinite renorted b different authors

pH m~~~
Coles (19911) 1.97

Zipcrelal. (1988)

Yongand
PhadungehC\<it(1993)

Potter and Yon 1999 6.3-7

10

14.6



Silica sheet
composed of
silicon oxides

(SiOJ )

Alumina sheet
composed of

aluminium
hydroxyls
(A1(OH),)

Figure 2.2 Structure of Kaolinite «()""_.,..,. ..-....:..e-LL ..~".."Y"" .. ,I)

Mitchell (1993) proposes the following sources of CEC for the kaolinite:

Isomorphic substitution in the silica sheet of the Si4
+ ions by Al3

• ions.

Removal of H+ ions in hydroxyl groups

Unsatisfied charges at the broken edges of the kaolinite crystals

Kaolinite is the least reactive of the clays (Suraj et al. 1998), Nevertheless, the high pH.

dependency of the soil enhances or inhibits the adsorption of metals according to the pH

of the environment. At low pH the surface charge will be positive therefore repelling the

cations in solution and at high pH, the negative surface charge attracts the cations to the

clay. The broken bonds in the structure of kaolinite are a source of CEC because they

11



panicipate in the adsorption and desorption of W ions as the pH changes (Mitchell

1993)

As a consequence of its well-packed structure there is no separation between the layers of

the kaolinite. Hence, all the activity occurs along the surface or on the edge of the

structure. The surface charge at the edges is caused by the release or adsorption of H'

ions Sparks (1995) suggests three sites where the adsorption could oC{:ur: on the flat

oxygen-exposed surfaces of the silicon oxides, the exposed hydroxyl (OH-) plane of the

alumina sheets, and at the particle edges of the sheets. Bohn et al. (1979) identify the

same sites as the ones that could panicipate in the adsorption

Alumina and silica groups react under different conditions. The aluminium groups will

react at low pH and the silica sheet will tend to react only at high pH levels (Bohn et al

1979), The edges sites of kaolinite are known to be a source of variable charge, because

of the unsatisfied charges present in the hydroxyl groups as a result of broken bonds

Sparks et a!. (1995) suggest that the aluminium hydroxide planar sites may also be sites

of variable charge. By comparison, they suggest that the silicon oxides sites are a source

of"permanent" charge

The charge of the soil is important in determining the interactions between the soil and

the contaminants, and one of the properties widely used as the reference for the charge

property behaviour is the point of zero charge (Plq (Gallez et at 1977). The PlC, also

know as the isoelectric point, is the pH value where there is a transition in the clay charge

12



from positive to negative as the pH increases. The PZC can also be the point where the

total negative and positive charges balance so there is a net zero charge. This propeny

influences the kind of soil interaction that will occur (Sposito 1984; McBride 1994) and

is influenced by types of materials present in the soil. If the PZC for a pH dependent clay

is known and the pH of the soil solution is known, then the surface charge can be

inferred. From this information, the concentration of anions or cations attached to the

clay will be known and it can be linked with the capacity to absorb contaminants (Bohn

et a!. 1979). The selectivity order of kaolinite is Pb>Cd>Zn according to Yong and

Phadungchewit (1993)

One of the common methods for determining the PZC of kaolinite is the titration method

Tschapek et a!. (1974) recommend this method because it is independent of the

electrolyte concentration, Table 2.2 reports different PZC values for kaolinite and in most

cases the titration method as described by Van Raij and Peech (1972) was used

Table 2.2 PZC values of Kaolinite re orted bv different authors

me~~~
Pollcrand Yong (1999) 3.7

Spark ctal. (1995) 4,5

Scllrolll and SPOSilo(l997) 4.0-7,5

13



The molecular composition of kaolinite suggests that the silicon oxide and aluminium

hydroxides sites are the ones responsible for the PZC. As such, the titration curves for

kaolinite usually present two zones of pH-dependent negative charge, the first one due to

the dissociation of Al3+, between pH levels of 2.8 and 7 and the second zone related to

the Si sites above pH 8 (Gallez et al. 1976, Tschapek et ai, 1974), However, as the

experiments in this study are conducted below pH 8, only the first curve is observed

Factors that can influence the PZC are the presence of organic matter, broken edges in the

kaolinite crystal or the presence of metal oxides. In the case of kaolinite, which is a

highly weathered clay, the presence of Fe oxides changes the surface charge leading to a

higher PZC (Tschapek et a1 1974, Gallez et al. 1976, Van Raij and Peech 1972). It is also

known that Fe oxides may coat kaolinite (parfitt 1980). Another variable that affects the

determination of the PZC is the equilibrium time used in the experiment to obtain the

titration curve (Schroth and Sposito 1997)

Along with the PZC, another imponant characteristic of the soil is the specific surface

area (SSA). The SSA of a soil sample is "the combined surface area of all the particles in

the sample, as detennined by some experimental technique, and expressed per unit mass

of sample" (Sposito 1984). The 51 units of SSA are square meter per kilogram. The

numerical value of the property may vary depending on the method used. Therefore, the

SSA will be a function of the method and is not an absolute value (Sposito 1984) as it

was found by Gallez et al. (1974) that the surface area measured by the ethylene glycol

14



monoethyl ether (EGME) method was greater than the SSA obtained by BET·N2 for

some selected soils.

The surface area of the clay is an approximation of the available reactive places,

including the internal places between the clay layers. A lower SSA will be the result of an

advanced weathering process and a higher SSA usually indicates less weathering of the

clay. The principle behind the EGME method is to saturate the soil with a polar substance

which will be attached to the clay and then eliminate the excess of the substance until

there is a mono-layer ofEGME covering the mineral (Bohn et al. 1979). Table 2.3 shows

some determined values for the SSA of kaolinite obtained by different methods

Table 2 3 SSA values of kaolinite reported by various authors

EGMEmclhod
m',

I

CO," '1998'

Cartcrctal. (1.965'

Yongand
Phadun,,~hcW1t 1993

20.4 Dry Bran~h Kaolin
Company

13.8
Zipctclal.(1988)

12.0

7-21

15,2

The ability of the soil 10 interact, hold cations or react with other species to gather

nutrients is an important property that will determine the quality of the soil (Bear 1965)

15



2.1.1 Iron Oxides

Fe is the main impurity in natural kaolinite (Balan et al. 1999). The most common Fe

oxides in soils are hematite (Fe203) and goethite (FCOOH) (Bohn et a1. 1979) with

goethite being the most regular as a result of il greater thermodynamic stability

(Schewenmann and Taylor 1977)

The reactions between the Fe oxides and compounds of the soil solution take place in Ihe

interphase. The Fe ions tend to hydrolyse forming hydroxyl compounds in the external

surface as is shown in Figure 2.3. The presence of these hydroxyl groups will make the

surface charge of Ihe Fe oxides dependent of the pH of Ihe solution. The PZC of Fe

oxides is within the pH range of 7.6-8.9 and the SSA is 14-77 m2/g (Schewenmann and

Taylor 1977)

2 FCOOH

o 0
I I

Fe Fe
'-/

o

OH OH
I I

Fe + Fe
I I
o 0

Fii:Ure 2.3 H"droll~i~ of Fe oxides (Schewetmann and Ta,'lor 1977)

Fe oxides have a CEC of 6-60 meq/lOO gr. Depending on the conditions of the soil the

adsorption could be cation exchange or specific adsorption. Specific adsorption involves

the penetration of the ions onto the clay structure. In the case of kaolinite, cation

16



exchange will be the dominant mechanism. The affinity of goethite for different metals is

Cu>Zn>Co>Pb>Mn (Schewertmann and Taylor 1977).

2.1.2 Surface Charge

Charge development in soils occurs as a result of both isomorphic substitUlion and

ionization of functional groups on the surface of solids that make up the soil matrix.

These two mechanisms give rise to the permanent and pH dependent charge of soils

(Bohn et al. 1979). In the case of kaolinite. the permanent charge is almost zero (Mitchell

1993) therefore, most of the charge is the result of the protonization of the edges as a

result of the pH of the environment. This behaviour is known as pH-dependency of the

clay. The pH-dependent charge is the result of the change in pH level in the soil solution

and this charge is related to the gain or loss of H+ from the functional groups of the

mineral (Bohn et al. 1979, Zhou and Gunter 1992)

On the other hand if there is a small permanent charge in the soil, it is a result of

isomorphic substitution, The isomorphic substitution will occur when there is the

interchange of cations in the mineral structure and those cations are not equal in their

valance, i.e. Mgh for A13
- or AJ3+ for Si4

• and 0 2
. for OK, These substitutions create an

imbalance of charge in the molecule and negative charge development is more common

in soil minerals (Bohn et al. 1979)

17



The buffering capacity of the soil is directly related to the CEC (Huang et at 1995, Tan

2(00) and is defined as the amount of acid or base that can be added 10 a system withoUi

changing the pH of the solution (Yong 2001). McBride (1994) reports the following as

possible reactions that release acidity in the soil surface

>Fe-OH2r l12
= >Fe_OHrl12 + H+

>A1.0H2]<I12 = >Al_OHrl12 + W

The first reaction will apply to the Fe oxides presented in the soil where the hydroxyl

groups associated with Fe release H- ions. The second reaction will apply to kaolinite

where aluminium siles react to release or adsorb H~ ions. Kaolinite possesses little

buffering capacity therefore, there may be a more noticeable change in pH of the

solutions resulting in the release of metals adsorbed in the clay (Coles 1998), The same

could be concluded for Fe oxides, as the surface charge of these compounds is pH­

dependent

As a summary of the characteristics of the kaolinite, this clay will have little if any

pennanent surface charge, but it could exist if there is any isomorphic substitution in the

molecule. The main constituents of the clay are aluminium and silicon oxides, which are

responsible for the different charge properties of the molecule (PlC, CEC) As a highly

weathered soil, these values are relatively small (especially CEC) and the butTering
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capacity is low. The SSA is smaller than the rest of the clays because its well-packed

structure does not allow internal reactive spaces. Impurities such as Fe oxides will affect

these properties, as well as provide new reactive places during adsorption of ions.

2.2 Adsorption Mechanisms

The adsorption process represents one of the most relevant processes in the soil because

the retention of nutrients, metals or other organic compounds depends on the interaction

between the soil and the adsorbate. Sorption, in general, is the interchange of certain

elements or species from one phase to another via the interphase (Yong et aL 1992,

Greenland and Hayes 1981). Scheidegger and Sparks (1996) define adsorption as "the

accumulation of a substance in the interphase between the solid surface and the bathing

solution"

According to the characteristics or the sorption process, it can be a physical adsorption or

chemical adsorption. When there is not enough information to establish what kind of

process is taking place, it can be generalized by the term sorption (Greenland and Hayes

1981, Yong et at 1992) The adsorption process is considered to be a two-dimensional

process thaI does not include precipitation, co-precipitation or diffusion, as these are

three-dimensional processes (Scheidegger and Sparks 1996). According to the interaction

between interfaces, the strength of the bond could be a very weak force such as Van der
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Waals forces or slightly stronger forces such as ion exchange interactions. In general the

types of soil-contaminant interactions are (Yong 2001)

Chemical interactions, which include:

Ionic: attraction between the atoms as a result of different charges

Cova/em: Ihe outside electrons are shared by two nuclei

rhysical interactions, which include:

COlllombic or electrostatic: ion-ion interaction

Van der Waals: dipole-dipole attraction as a con~uence of the closeness

of the molecules

Steric: adsorption is limited by the size of the hydrated radii

The chemical interactions are not relevant in this research because the physical

interactions are the dominant forces in the adsorption of metals in kaolinite (Sparks 1989)

and Fe oxides (rarfitt 1980)

Physical adsorption is a process that does not require energy 10 take place and has its

basis in the altraction of charges of different signs. Therefore, electrostatic forces rule the

binding. This process depends on the diffusion of ions in the media because it requires

the presence of both anions and cations in the interlayer. A smaller hydrated radii will

allow the cation to attach to the surface strongly, so more molecules will be found with

this characteristic in the interlayer (Greenland and Hayes 1981, Yang et al. 1992).
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A consequence of physical adsorption is the exchange of calions in upper levels of the

soiL Because this is not a process that requires energy, the cations held to the surface will

be the ones with better spherical and charge conditions. Figure 2.4 shows an example of

this phenomenon. The electrostatic forces (Coulomb's law) will attract Ihe Pb ion to the

soil and because Pb has a smaller hydrated radius, and therefore does not have the

spherical impediments of the sodium (Na), there will be a switch of the ions at the

interlayer without changing the charge (Yang et a1. 1992).

Figure 2.4 Eumple of ph,·sical adsorption (Reprint<d Moh P~nnloolon()"- .. c__.T"••_ .. _.,·_

...... .,........ Sf.'..lH"SO)

The adsorption is highly influenced by the pH of the solution (Puis and Bohn 1988,

Farrah and Pickering 1977) and the sorption of contaminants onto the clay surfaces is

likely to reduce their mobility in the soil column (Holm and Zhu 1994).

21



As stated before, the adsorption will depend on the interactions between the two phases

therefore it will depend on the characteristics of the compounds in solution and the clay.

In the case of the cations, the valence and the ionic radius will be factors that affect the

retention (PuIs and Bohn 1988). As for the clay, the weathering process and the

functional groups will have a major impact on the retention of the metals

Two variables that affect physical adsorption are the concentration of cations and their

associated electronegativity. Assuming that there is a complete mix in the sample, Fick's

law (mass transfer by diffusion, equation 2-1) will have little effect in the adsorption of

the metals, as there will be no gradient in the solution concentration. The effects of the

concentration will be as a result of larger amount of elements present in the solution. On

the other hand, the soil will have a surface charge develop as a consequence of the pH of

the soil solution. This charge will attract ions to the surface (ruled by the Coulomb's law,

equation 2-2) according to the electronegativity of the elements. A compound with higher

eleetronegativity will have a greater attraction to the clay mineral

eqn2.1

Where JA is the flux of the compound. DAII is the diffusion coefficient, C" is the

concentration gradient and x is the distance.
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eqn2-2

Where F is the force between particles, q. and qb are the charges of particles a and b. r is

the separation between panicles and K is the coulomb's constant.

According to Sparks (1989) the mass transfer phenomena and not the charge difference

controls the adsorption in the interphase between liquid and solid. Sparks (1989) explains

the behaviour with the Fickian and Nemst-Planck diffusion equation relating the particle

size and the charge of the ions

Adsorption isotherms are a common way to report the results of adsorption into clay

(Salim et al. 1996). Langmuir and Freundlich equations are generally used to report these

values, especially while using kaolinite as it has been reported that it follows those

equations. The Langmuir isotherm is one of the simplest isotherms and assumes that

adsorption depends on the empty spaces available for adsorption and the concentration of

adsorbate (Laidler and Messier 1997). Yen (1999) describes the adsorption isotherm by

stating that "the equilibrium between a surface and a solution. [is similar toJ a

reversible chemical equilibrium between species." The Langmuir equation is·

f.=~+-f.
q Kbq.. q..

eqn.2-)

In this equation kb is a constant related to enthalpy of adsorption, q is the moles of

adsorbate adsorbed per mass of adsorbent at equilibrium, qm is the maximum number of
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moles adsorbed per mass of adsorbent and C is the concentration of Ihe adsorbate, Some

of the assumptions that Langmuir made were; there is only a monolayer of adsorbate, the

energy necessary for adsorplion is independent of the available sites, and the bonding

could be reversible (Yen 1999).

Unlike the Langmuir isothenn, the Freundlich equation assumes that the availability of

sites with free energy for adsorption decreases exponentially with the increase in

adsorption. The Freundlich equation is

cqn.2-4

Here q is the moles of adsorbate adsorbed per mass of adsorbent at equilibrium, C is the

concentration of adsorbale and kr and n are empirical constants. Usually the value of n is

above one and saturation is not considered in the equation as the amount adsorbed

increases with the conceOlration ofadsorbate.

The desorption mechanism is as imponant as the adsorption mechanism, especially when

dealing with soils that are already contaminated (Scheidegger and Sparks 1996), Usually,

not all the metal that is adsorbed in the clay is desorbcd as some reactions appear to be

irreversible and this means that the adsorption and desorption isotherms should not be

similar in most of the cases
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From the environmental point of view, desorption is important as it indicates the mobility

of the contaminant through the soil column. A metal with weak bonds with the clay will

tend to be released and migrate to contaminate groundwater. On the other hand, a strong

attachment to the clay indicates the desorption process will be slow and unlikely and

making the pollution of groundwater a non-issue.

2.3 Metals

Heavy metals are those compounds that have all atomic density higher than 6 g!cm)

(Alloway I990a). This classification includes several elements thaI are biologically

essential, like In. "Trace metals" are those compounds that have a background

concentration of less than I ppm. Many are biologically essential and all are a threat to

the environment if they occur in high concentrations, Generally, high concentrations of

these compounds are a consequence of anthropogenic inputs (Yang 200 I) One

characteristic of the trace metals is that they possess different oxidation states (Chang

1984). Therefore, the pH and the redox potential are important 10 establish the stable

species. Nevertheless, most of Ihe metals will have a more stable oxidation state that

they will tend to have in the environment (Yong 200 I). Of special concern with trace

metals is their mobility through the soil column. The interest will not be only in how the

metals are binding in the soH structure, but also in how these metals interact with the soil,

and their possible release with time (Yang 200 I)
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2.3.1 Cadmium

Cd has no essential biological activity and it is highly toxic to animals and plants

(Alloway 1990b). The EPA has established that Cd is hazardous at concentrations of 5

J.Ig11 or more (Toxnet 2002). Cd is also a known carcinogenic substance and high

concentrations of this element in the kidneys may cause dysfunction. The input of Cd into

the soil increased with the development of the mining of Cd in the early 201ll century

Besides mining other activities that increase the concentration of Cd in the environment

are the use of phosphatic fertilisers and the deposition of aerosol particles from polluted

air (Alloway 1990b)

Cd and Zn are two metals that are closely associated in their chemical properties. 80th

metals have similar ionic structures and electronegative properties. Cd is usually obtained

as a by-product of the melting of sulphide minerals. The most common species found in

soils are Cd1
-, CdSO., and CdCI· in acid soils, and Cd1

', CdCI", CdS04 and CdHCOJ ' in

alkaline soits (Alloway 1990b). Of these species the one most likely to be adsorbed by

the soil isCd2
<

The adsorption or desorption of Cd will he highly dependent on the pH of the

environment and this makes it more mobile than other metals such as Ph and Zn

26



2.3.2 Lead

Metals are natural components in soils but anthropogenic activities increase the

concentration of Ph in soils_ Unlike Cd, this metal was one of the first handled by human

beings. Its comamination of soil and groundwater reservoirs is associated with mining

activities and leaching in landfills (Yang 2001), The presence of Pb in plants is usually

related to the deposition of the compound by air and not by uptake from soil (Leeper

1978). EPA hazardous concentration for Ph is 15 mgll (Toxnet 2002)

Compared with the other metals, Ph has a longer residence time in the environment and

tends to accumulate in soils and sediments. Also, its low rate of microbial degradation

and high solubility can make it available through the food chain. Ph tends to accumulate

in the soil nalurally, although its mobilization is small as a consequence of the formation

of stable or insoluble species. Pb will be displaced from the soil at pH between 2.5-3.0

Studies have shown that properties such as CEC, soil organic matter and soil pH are more

important in the immobilization of Pb than the precipitation by carbonates and the

adsorption by hydroxyl sites (Davies 1990)

Pb is more toxic 10 bacteria present in soils than Zn or Cd. In general, the soils polluted

with Pb remain polluted due to its low mobility in soils. Although its bioavailability is

low there is still a concern about the concentration of Pb in the soil as its presence in

some cases possesses a risk to human health and the environment (Davies 1990).
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2.3.3 Zinc

Zn is one of the metals with the highest concentration in domestic and industrial sludges

It is commonly used as a fertilizer and the plants adsorb the metal from the soil by

complex adsorption of the metal with organic molecules that are thermodynamically

more stable than the hydrated metal cation (Maes and Cremers 1979, Yong 2001), At

around 1000 ppm, Zn is considered dangerous to humans (Leeper 1978)

Unlike Pb and Cd, Zn is an essential metal for humans, animals and plants but in high

concentrations it is considered to be one of the trace metals most hazardous to the

environment (Kiekens 1990) because the contamination with this metal can affect crops

by retarding their growth and can affect soil and its fertility by enhancing the production

of free radicals that favour oxidation (Prasad et a!. 1997). The Zn species that is

commonly adsorbed by plants is Zn1+ especially at pH levels below 7.7 while ZnOH- is

more dominant above that pH

The main sources of anthropogenic Zn are mining, agricultural activities, the use of

composted materials, and also the use of fertilizers and pesticides in the soil. The

acceptable use of Zn in agriculture is around 30 kg/ha over a period of 10 years (Kiekens

1990)

2S



2.4 pH Role in Adsorption

As a result of acid rain. the pH of the soil may become more acidic (Yong and

Phadungchewit 1993). This change in the soil pH affects the adsorption of contaminants.

usually enhancing the mobility of the pollutants. The role of pH in the adsorption of

heavy metals has been observed by several authors (i.e. Reid and McDuffie 1981. Yong

and Phadungchewit 1993. Puis et a1. 1991, Hatton and Pickering 1980. Farrah and

Pickering 1979). In general, an increase in pH of the soil solution will lead to an increase

in metal uptake

In a pH dependent soil such as kaolinite, the change in pH will affect the surface charge

This leads to the creation of more negative sites at the edge of the molecule with an

increase in the pH of the solution. This increase in negative sites, together with the

decrease of competition of H' ions for empty negative spaces, has been identified as the

main reason for the increase in the metal adsorption

Metal speciation will also be affected by the pH. At low pH. the hydrated form of a

divalent metal (M2~) will be the most stable metal species and it will be released from the

clay, enhancing the migration of the metal through the soil column (Reid and McDuffie

1981). Also, at low pH levels some secondary processes such as flocculation, can occur

in the soil as a result of the dissolution of aluminium hydroxides that may later re­

precipitate as a result of movement with the soil solution (Farrah and Pickering 1979). At
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high pH levels, these metals will form complexes with Ol-f or CO/+, leading to the

precipitation of the metal in the soil water system and its further immobilization (Reid

and McDuffie 1981).

Farrah and Pickering (1978) found that a pH level close to neutral (between 6 and 8) is

ideal for the adsorption of the metals used in this study_ At low pH, there will be a

competition between H+ ions and metal ions for negatively charged sites and at high pH

the co-precipitation or complexation of the metals may occur.

The buffer capacity of the soil will be important to establish the effect of the pH in the

soil and it will depend on the equilibrium between the H' ions on the clay and the ones in

the solution. Studies have shown that a soil with a tolerance for change of the solution pH

will retain more metals than the clays with low buffering capacity (Yong and

Phadungchewit 1993). Kaolinite possesses little buffer capacity as it is considered a pH

dependent soil. Hence, its capacity of retention will be limited to the negative charges

created by the soil solUlion pH.

Iron oxides are the main impurity in kaolinites (Balan et al. 1999). Their presence affects

the surface charge properties of the soils and increases properties such as SSA, CEC and

pzc (Partitt 1980). In addition, Fe oxides are pH dependent structures as shown in Figure

2.3. Therefore the buffering capacity of the kaolinitelFe oxides structure will remain low,

as it is nOt expected to change because both materials are pH dependable
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In summary, the main effects of pH on the adsorption behaviour will be the creation of

negative charges on the surface of the kaolinite and probably precipitation of the metal in

the solution at high pH. On the other hand at low pH, the effC(;ts could include the

competition of H+ ions for negative sites in the clay and the dissolution of the metal in the

soil-water system. This infonnation is summarize on Table 2.4

Table 2.4 SummarY of the effect ofnH on metal untake.
DB Effect in uotake

The uptake is limited due to the
competition of H' ions for negative

Acid «6) sites on the clay and there are less
negative sites created on pH dependent
c1avs
Optimal pH for metal uptake, there is

Neutral (6-8) little competition ofH+ ions and there is
no reci itation of the metal
The uptake is enhanced by the creation
of negative sites on the clay and there is

Basic (>8) less competition of 1-1 ions for these
sites, however, prC(;ipitation could
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Chapter 3

Materials and Methods

3.1 Materials

The materials used for this research were kaolinite and the chloride salts of the metals Zn,

Pb and Cd. A Varian spectra 50/55 spectrometer was used 10 determine the concentration

of metal in solUilon. The description of the solution and the clay is presented next

3.1.1 Kaolinite

The kaolinite used in the research is Hydrite flat 0 kaolinite from the Dry Branch Kaolin

Company. The median particle size reported by the company is around 5.0 Ilffi with less

than 30% of the particles having a diameter of 3 /lID The panicle size of this kaolinite is
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similar to the particle distribution in natural soils. Also, the physical size characteristics

of Hydrite flat 0 kaolinite are similar to the ones of natural sediments (Coles 1998). The

principal differences between this type of kaolinite and the others handled by Ihe same

company is its low SSA. Although the material was purchased from the same company,

some of the characterization tests yielded different results from those gathered by Coles

(1998)

3.1.2 Metals

The metals used in the research are PbCh, CdCI2 and ZnCI2. Soluble forms of these

metals were prepared to expose them to the clay. The natural pH of the solution was

maintained to observe the pH change during the adsorption process. However, the

speciation diagrams in the literature for of each of these metals also show that the

precipitation is minimal at the natural pH of the solutions (Stumm and Morgan \981 ).

3.2 Characterization Tesls for Kaolinite

There are four main characterization tests performed for the kaolinite CEC, PZC, SSA

and acid digestion. Unless it is indicated otherwise. the experiments were conducted al

room temperature (21 QC), duplicated at least once, and following the methods described

in this section

33



3.2.1 Cation Exchange Capacity

For CEC, there are two methods used in the study, one with variable pH and one at

constant pH. Both methods are explained in the following subsections

3.2.1.1 CEC with variable pH

During the experiment, the pH of the solution will change due to the adsorption of the

metal into the clay. therefore it is important to know how the CEC will change with the

pH. The CEC was determined as a function of pH following the method reported by

Hendershot et al. (1993). This method was used before by Yong and Phadungchewit

(1993) with a similar type of kaolinite

In this method the soil is saturated by adding a solution of Ca2
+ ions and shaking the

sample for around 12 hours; it is assumed that the adsorption of Ca2
' ions has reach

equilibrium within this time. Also, the pH of each calcium solution is varied by adding

different amounts of nitric acid or calcium hydroxide. Cal> ions arc commonly used as

the exchangeable cation due to the affinity of the clay for calcium as compared to other

divalent or monovalent cations (Coles 1998).

After the saturation of the soil, the Ca2
• ions are released by adding potassium chloride to

the clay to exchange the calcium trapped in the soil. The amount released is considered to
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be the capacity of the soil to attach cations. A small amount of lanthanum solution is

added to each sample before analyzing the calcium concentration in solution by atomic

adsorption (AA) spectrometry. This prevents interference in the reading of the

concentration. Since kaolinite is a pH dependent soil, the CEC is expected to increase

with the rise in pH (Zhao et al. 1997).

3.2.1.2 CEC at constant pH

In order to confirm the values obtained by the method with variable pH, the CEC was

determined at a constant pH with the method proposed by Jackson (1958) and reported by

Sheldrick (1984) in the agricultural manual ofsoi! testing, Again the method is based on

the saturation of the clay by Ca1
+ ions but in this case, calcium acetate/calcium chloride is

used as the saturated solution.

The pH of the kaolinite solution with calcium acetate is adjusted by adding small

quantities of calcium hydroxyl or hydrochloric acid as needed. After adjusting the pH to

neutral, the solution is shaken overnight. After the saturation of the soil, the Ca2~ ions are

extracted from the soil with sodium chloride and the solution is washed three limes with

distilled water. Again, the concentration of Ca2
' extracted is measured by A.A

spectrometry and a La solution is added to avoid interference in the reading
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3.2.2 Point of Zero Charge Determination

The method used to determine PZC was the one proposed by Van Raij and Pecch (1972)

This method consists of determining thc pOlentiometric titration curves of the clay which

is the determination of the surface charge at different ionic strengths of electrolyt:e. The

titration method has also been used before by Tschapek et al. (1974), Benyahya and

Garnier (1999) and Gallcz et al. (1976) among others

The procedure ofPZC determination is reported by Van Raij and Peech (1972). Samples

of2 g kaolinite were placed in a 20 ml solution ofNael solution (concentrations of 1.0,

0.1, O.oJ and 0.001 M; each concentration in duplicate to be used for the acidic and

alkaline parts of the titration curves) and then agitated for one hour to equilibrate the

solution. After equilibrium, an alkaline solution (NaOH 0.01 M) was added to half

samples and an acid solution (HCI 0.1 M) to the rest of the beakers

Coles (1998) found that the addition of diluted acid (0.01 M as proposed by Van Raij and

Peech) was not enough to detect a significant change in the pH of the solution and

therefore convergence of the curves was slow. For this reason a more concentrated acid

was used. The addilion of acid or alkaline solution was made every two minutes with 2

ml in every dose; the pH was reported after each addition. The PZC is determined by

observing the point or pH where the curves intersect
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3.2.3 Specific Surface Area

The SSA of the kaolinite was determined by Ihe method used by Jackson (1956) reported

by Sheldrick (1984) in the analytical methods manuaL This method is based on the

assumption that the clay will absorb a monomolecular layer of a polar liquid (Ethylene

Glycol Monoethyl Ether EGME). The reason for using this polar substance rather than

another adsorbate is the quick evaporation of any amount of EGME (Carter 1993).

The value of Ihe SSA will depend on the method used and in the composition of the

mineral (Sposito 1984). Various authors (Bohn et al 1979, Sheldrick 1984, Carter et al

1965) suggest that there could be a difference of 40% or more depending on the method

used to estimate Ihis property The other method used commonly is BET·N2 but as it

requires more sophisticated equipment the EGME method was preferred. Differences

between the EGME and BET·N, methods for some soils could be in orders of magnitude,

although in the case of the kaolinite, the difference is not usually that significant. After

saturating the soil with the polar substance and drying the excess of chemical, the SSA is

obtained by dividing the EGME adsorbed by the original weight of the sample and then

rnultipling by the packing area of the EGME that has being estimated to be 2,86xI0·4

glcm2

The surface area of clays not only includes the external surface area, which is available to

react with or 10 be in contact with the solution, but also the internal surfaces of the clay.
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However, well-packed clays such as kaolinite do not have any internal surface and will

yield a lower SSA value than other clays. Also, this test is a method to reaffirm the

particle size of the clay since a high particle size will have a low SSA and vice versa.

3.2.4 Acid Digestion

The acid digestion test is used to determine any impurities that the kaolinite might have

The method used in the research is the method suggested by US EPA entitled "Acid

digestion of sediments, sludges and soils" (American Chemical Society 1986). The main

purpose of the method is to dissolve the clay using concentrated acids Oxygen peroxide

is also used to enhance the oxidation of some compounds. The acids that were used in the

experiment were hydrochloric acid and nitric acid The test indicates that the acid must be

heated without boiling and water baths are recommended to control the rise of

temperature.

The test was conducted in duplicate and the samples were nOl moved from the original

beaker to avoid losses in the process. After the dissolution of the clay in the acids, the

mix is diluted in water and then the concentration of metals such as Fe, Pb, Cd and Zn are

measured in the AA. spectrometer
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3.3 pH stabilization test

The equilibrium time for adsorption of metals onto clay is 24 hours (Yang et aL 1992).

Since the dependent variable in this research is not adsorption but pH level. the pH

equilibrium time was checked for the highest concentration of metals used in the study

Two grams of kaolinite were placed in each beaker and then 20 ml of metal solution was

added. These amounts maintain the I: 10 relationship between clay and solution that is

suggested by Yong et al. (1992). The samples were agitated and the pH level was

measured for each metal solution during the 24 hours at times of 1, 2. 4, 8. 12 and 24

hours. The pH was considered stable if the change was not greater than to.l. However,

as the results for Cd did not appear to stabilize for 24 hours, as there was a drop in the pH

of the solution between 12 and 24 hours, and additional stabilization test was run until 48

hours for this metal only

3.4 Batch Equilibrium Test

The adsorption of the metals onto the clay was studied using batch equilibrium tests. This

method has been used by several authors (Yong et aL 1992, Haas and Horowitz 1985,

Farrah and Pickering 1976) in the past to study the same phenomena, but unlike those

studies, samples will be taken at different times before 24 hours and at 24 hours. The
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clay/solUlion ratio used was 1:10 as suggested by Yong et al (1992) and there were 3

different concentrations used for each metal (1 mMIL, 2 mMIL, 3 mMIL). For each

concentration, the clay was put in contact with a soluble fonn of the metal and agitated to

enhance the contact of all the kaolinite with the solution.

The shaking times for the batch tests were 0.1, 1,2,4,8, 12,24 hours. Each sample was

shaken separately; in other words, one sample was shaken for one hour and a different

sample for two hours and so on. The different phases were separated by centrifuging at

5000 rpm for 10 min.

After the separation the pH level was measured in the supernatant and then, the metal

concentration was measured using the A.A. spectrometer. The concentration adsorbed by

the clay is considered 10 be the difference between the initial and final conccntrations in

thc solution

Figure 3.1 shows a schematic diagram of batch equilibrium tests. One liter of each

concentration (i.e. I mMIL, 2 mMIL and 3 mMIL) of metal solution was made and the

concentration of Ihose solutions was checked in the AA spectrometer.

The adsorbed metal is reponed in I-lm of metals per grams of kaolinitc. Reponcd with

each sample is the weight of kaolinite used and it is accurate to to.DOl grams. The whole

test was done in centrifuge tubes to avoid loss of clay during the transfer from one beaker
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to another. In order to avoid experimental error, the supernatant should be sufficient so

that no clay is transferred during decantation

Figure 3.1 Balch lest diagram (ModirlCd from ¥ong et al. 1992)

3.5 Desorption Test

The methodology for the desorption tests is similar to the one used by Farrah and

Pickering (1978), in that the solution used to extract the metal was ethylene diamine tetra

acetate (EDTA). The clay was saturated with the heavy metal and then the metal was
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extracted with different solvents. For the first part, the method proposed by Yong et al.

(1992) for the batch equilibrium tests was followed using a 10: 1 ratio of metal

solution:clay and the metal clay suspension was mixed for 24 hours. The solid and liquid

phases were separated by centrifugation (5000 rpm for 10 min) and the concentration of

heavy metal was measured in the first supernatant.

The next step was to add the EDTA solution and shake the samples for different exposure

durations (1, 2, 4, 8, 12,24 hours). The concentration of heavy metal was measured at

each time and the results were compared with the adsorption data For this part of the

research only a concentration of 1 mMIL of heavy metals was used
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Chapter 4

Characterization and Batch Test Results

4.1 Foreword

The results of characterization and batch tests are presented in this chapter. Following the

methods explained in chapter 3, the adsorption and desorption tests were run in duplicate.

The raw data of the adsorption and desorption tests are presented in appendix A

In the case of the characterization tesls, the CEC test was done by two different methods

(variable pH and constant pH) and both tests yielded similar results for the same pH. The

values obtained in all of the characterization tests are compared with values reporte<! in

similar studies with the similarities and discrepancies among these values being

discussed. Also, the results of the acid digestion test are presented first because they

influence the results of SSA, CEC and PlC
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4.2 pH Stabilization Results

The adsorption of heavy metals reaches stabilization after 24 hours (Yong et at 1992,

Farrah and Pickering 1977). Nevenheless, this test was performed 10 ensure that the pH

of the solution would also reach equilibrium during the time that the adsorption occurs

The results are presented in Table 4. I and in Figure 4.1 for the three metal concentrations

of 3 mMIL

, KaolinilepH
4.40 0 _~ •• _

..
4.00~--~--

__Cadmium
---- __ Lead

___ Zinc
_~!.<.!O~~~!I~,,,-e:=s ::::

'''T-- ~------~
3.40~--

16 ~ ~ ~ ~ ~ 40 ~ •

lime (hrs)

Figure 4.1 Stabiliution of wlution pH a~ a function of metallnle and time
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Table 4.1 Raw data for H stabilization waph (Fi ure 4.1)
Hlel·eJs

~ Z, Cd p,
I 3.7 3.4 3.7
2 38 3.8 37
4 3.8 3.8 3.7
8 3.9 3.8 )7
12 3.9 3.8 3.7
24 3.9 3.6 3.8.. 3.6

The final pHs of the solutions are between pH 3.6 and 3.9, which is below pH 4.6 of the

kaolinite and well below the natural pH of the metal solutions, as indicated in Table 4.2

These results indicate that there is an interrelation between the clay and the metal solution

and the release ofW ions. Between 12 and 24 hours of exposure, the change in the pH of

the solution due to the adsorption of heavy metals is minimal for Pb and Zn and the

adsorption tests could reach equilibrium at 24 hours. For Cd there is a sudden drop in pH

between 12 and 24 hours of exposure, but the pH does not change further between 24 and

48 hours. The drop in pH between 12 and 24 hours is indicating a release of H- ions from

the clay. The change in the pH is evident during the first two hours, where there is a

difference of04 between the pH of the first hour and the second hour

Table 42 Natural pH of tile metal solutions
pHlcvcl

I Metal

Cd
Z,
Pb

7.2 7.0 69
6.2 6.] 6.0

5.5 5.6 5.6
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4.3 Acid Digestion Results

The results for the acid digestion test are presented in Table 4.3. These values are

compared with the values obtained by Coles (1998) since the kaolinite used is similar in

both studies. The concentration of all of the metals is higher in the kaolinite used in this

study compared with the study of Coles (1998). This suggests a contamination of the

kaolinite, with Fe. probably as oxides (potter and Yang 1999). The concentrations of the

Pb, Cd and Zn are low enough that they do not influence the results in the adsorption and

desorption experiments, even through these values are higher than the values in the study

of Coles (1998).

4,4 PlC Results

The results or the PZC test are presented in Figures 4.2a, 4.2b and 4.2c and Table 4,4

Figure 4.2a presents the titration curves obtained in this study over the full range of pH

Figure 4.2b and 4.2c show the blown up sections band c respectively that are identified
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in Figure 4.2a.Table 4.4 compares these results to the pH of the PZC (pHpK) obtained by

other authors

__0.001 M __0.01 M

' ......... 0.1M __ 1M

"

6~----

8-- ---cr--
4--- --- -- ----

~"-=:::---"",------------------....' -=-
-,------~--~~--:::--------t~:-

42(b)

Figure 4.2a Tilration eurns for determination of PZC of kaolinile
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Figure 4.2b Titration cun'CS for kaolinite beh\"ecn pH 5 and pH 7, showing the plls where
Ihc:lincscrolS

-+-0.001 M __ 0.01 M
__0.1 M__---1~__

,H

Figun: 4.2c Titration cun"u for kaolinite bet~'een pH 1.0 and pH 2.5, showing the pHs
wherc the linescrosl
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According to the method proposed by Van Raij and Peech (1972) the curves should

intersect each other near the same point on the graph, but in this experiment, the curves

intersected at the following pH values: 1.9, 1.9,6.0,6.1,6.1 and 6.3 Therefore the

average of the pH values is taken as the PZC and it is 4.7.

The pHp<c of 5.9 to 6.3 is close to the pHzpc of Ihe aluminium hydroxyl groups and edge

surface groups (Suraj et al. 1998). The adsorption experiments begin at pH levels slightly

above the PZC. However, the solution pH drops below the PZC during the course of the

experiment. Hence, the soil will have a positive charge that will inhibit further uptake of

the metal. If the electrostatic attraction is the dominant force then there should not be any

additional metal retention below the PZC as both, clay and cations, have the same charge

(Potter and Yang 1999). However, adsorption data are still showing retention of metal

and this could indicate that at the conditions of the study the Fe oxides sites yield a

positive charge but the kaolinite yields a negative charge as its PZC is usually below pH

4.7

The value of pHprc obtained in this study is similar to values obtained by other authors as

is shown in Table 4.4. However, Coles (1998) used a similar type of kaolinite to the one

used in the study and obtained a lower pHp« than the one obtained here (pHp« of 26

compared with 4.7). Tschapek et al. (1974) suggest that the presence of Fe20) could

increase the value of pH!"';:. Since kaolinite is a mixture of aluminium hydroxides and

silica oxides and the acid digestion test shows that there is a high concentration of Fe
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impurities, the value of 4.7 for pHl"o is reasonable, Schroth and Sposito (1997) suggest

that the equilibration time during the determination of the pHl"o can increase the value of

this property.

4.5 SSA Results

The value of SSA obtained in this study along with other values obtained by other

authors using the EGME or the BET-N2 methods are presented in Table 4,5, Gallez et al

(1976) reported that the EGME-surface area is much greater than BET-N2 surface area

for most soils due to loss of sample during the latter method, However, both methods

give comparable results for kaolinite as illustrated in Table 4.5

fromColcs(1998)
'ft<mC..... clal.(l9Mj
'from Yong>l'>d!'lladung<:howil(l99l)
'ft<mDryBnncllKooIdlC<>mJwly
'ft<mZiperdal.(l988)
'froml"ulsdol,(I99I)

Potter and Yong (1999) propose Ihal the SSA would increase with the presence of Fe

compounds in the c1ay_ The results presented for the acid digestion test show thai the clay

contains a high concentration of Fe. The results of the SSA test are within the range of 10

to 20 m'2/g established for kaolinite (Bohn et at. 1979), although the Fe compounds
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present, may also be influencing the SSA. Nevertheless, the value of the SSA will

strongly depend on the method used (Sposito 1984)

The SSA will determine the spaces available for the metal to react with the clay, but a

large area does not necessarily represent more reactive spaces. In the case of kaolinite, for

example, most of the reactive spaces are on the edges of the clay and not inside the clay

(Sparks et at. 1995; Potter and Yong 1999; Reid and McDuffie 1981). Besides, due to the

compact structure of the clay, the SSA calculated for kaolinite does not usually involve

many intermolecular spaces.

4.6 CEC Results

The results gathered for the two CEC methods of variable and constant pH along with

values reported in the literature are shown in Table 4.6. The pH of the solution influences

the adsorption of heavy metals onto clay and the method proposed by Hendershot (1993)

shows how the CEC varies with the change of pH.

Since the results obtained by this method were a little higher than expected (Bohn et al

(1979) proposed a value within 1-10 meq/lOO g), the method proposed by Sheldrick

(1984) was used to verify the results. The difference with this method is that the pH level

is maintained at 7.
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As can be seen in the table, the value obtained by the pH at 7 is between the values of pH

at 6 and 8.41 from Hendershot's method, confirming that the clay is most likely polluted

with a material that increases the CEC of the soil.

Table 4 6 Values ofCEC of kaolinite
This study Otherautbors

pH CEC pH CEC
JnIYIIIOO mf'tl/IOO

Kaolinite 38 16.63 14.6
4.0 16.56
4.1 16.92 6.3-7 56
4.2 16.59
4.4 16.37 l.97l

4.8 16.90
5.3 16.76 16l

6.0 17.18
7.0 17.76'
8.4 18.41

Val.... obuined usin.mrthodofll"""""bol (l9'9l) ••cepl.lpH 7
'Valu<oI:uinodu.ioIgm<lhodofSheldri<k(1914)
'frcrn Cola (1991)
'frcrnZ;per<lal.(19Uj
'fromY",,&ondPlw!u~(I99l)

'fiomPoncrondV"".(I999j

The kaolinite is a pH-dependent soil, meaning that the soil will be charged according to

the pH of the environment (Bohn et al. 1979; Mitchell 1993). Therefore, the tendency of

the values is as expected, with a lower CEC at lower pH. The high values of CEC

reported are probably a consequence of the presence of Fe oxides in the clay.
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4.7 Batch Test Results

4.7.1 Adsorption

The adsorption results are divided in two pans; the first pan is the change in H' ions in

solution, which is presented in Figures 4.3a to 4.3c and Table 4.7. The second part is the

adsorption of the metal onto the clay and these values are reponed in Figures 4.4a to 4.4c

and Table 4.8

For the adsorption results, there are several behaviours that are wonh analyzing

Although the CEC of the soil is higher than usual for kaolinite, the adsorption results do

not reflect the high reactivity of the soil. The highest concentration of metals adsorbed

occurs when the clay is in contact with the highest concentration of the metals occupying

only 12%,96% and 7.2% of the CEC for Ph, Zn and Cd respectively

The stabilization of the adsorption is reached after 12 hours for Zn, and after 8 hours for

Pb. In the case of Cd, there is stability after 1 hour as also found by Taylor and Theng

(1995), hut between hours 12 and 24 there is a considerable drop in the metal adsorbed

This could be related to the increase in H'- ions in solution (or the drop in the pH of the

solution). In the case of Zn, the adsorption is close to being stabilized after hour one, but

there is a small declination at hours 2 and 4 for the concenlration of I mMIL and 3

mMIL
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For the three metals, Pb shows the highest retention onto kaolinite and Cd shows the

highest mobility in the clay. The most significant changes in pH are obtained in the first

minutes of adsorption when there is a drop from the pH of the kaolinite (or pH 4.6) to

between pH 3.9 and 3.6 as will be seen later in Table 4.11 on page 66. This indicates that

the adsorption process is fast.

i"'o-----
-".1'----#
~.,-
§ 6

i Sx ----.
i •
• x
[ ',--- ---- ---~---

tj 2 -,------ ---- -

0-------- _

o 2 4 6

--+-1 mM
-.!r-2mM

-+-3mM

Figure 4.3a Change in hydrogen ion concenlr~tion during Pb adsorption as a function of time and Pb
concentration (I and-represenllhenperimcntalvalucs)
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Table 4.7 Data used for the flaures 4.Ja to 4.Jc
DifferenceinH·concentralion(~M)

l\letaVtime n '.1 I 2 4 • 12 "ImM 2.7 7.9 2.7 2A 2.7 3.' '.5
C. 2mM 7.' 4.' 7.8 J4 7.J 7.9 '.8

3mM .., .., '.1 3.' 7.9 ... 6.1

!mM 3.1 .., 7.7 7.' 11.3 '.6 6.5
Z, 2mM 3.' '.8 '8 7.' '.9 '.3 •.,

3mM .., 3.8 ... '.2 4.' 7.7 '.1

lml\1 ... 4.4 7.2 7.7 11.2 6A 5.6p,
2mM '.8 6.2 8.3 8A ll.S 9.1 8.1
Jml\1 75 3.8 7.9 '.2 ... 4.1 7.7

w------ -;::'~A-~--~~~-=-=~-=-==- ~

:~'- '
,.---­
, ---
,­,

"lime (t>r5)

-+-1 mM

-&-2 mM

-+-3 mM

figure 4Aa Sorption of Pb b)· kaolinite u a function of time and Pb concentration (- rep~5Cnt the
cxperimental'·alues)
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Figure 4.41' Sorption of Cd b)' kaolinite as a function of time and Cd concentration (- represent the
experimenlalvaJues)
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Table 4.8 Data used for the fillures 4.4a to 4.4c
Mtlaluptake(IJM/grkaolinite)

Metal/time h.., 0.1 I 2 . • " "ImM 16 16 12 L2 0.8 10 0.8
Cd 2mM 3.' 3.' 3.0 34 3' 3.3 16

3mM '.7 '.8 '.6 6.0 '.8 '.7 2.9

ImM 0.3 2.0 17 17 2.1 19 18
Zo 2m"'1 2.2 3.1 2.9 2.9 1.8 2.7 23

3m:\! 7.' 8.1 7.7 7.8 7.9 8.2 8A

Im"'1 1.1 3.8 '.6 '.8 '.9 4.9 ...
Ph 2mM 2.3 6.6 7.3 7.9 8.1 7.9 7.9

3mM 3.7 7.6 8.3 8.6 9.8 9.9 9.7

The graphs present the change in the H' ions concentration. The initial pH of the

kaolinite metal suspension was established to be the pH of the kaolinite (pH=4.6)

Regardless of the fact that all the metal solutions have different natural pH levels as can

be seen in Table 4,2, the concentration of the metal solution is extremely low in

comparison with the amount of kaolinite present in solution. Hence, kaolinite was in

excess during the experiments and the pH of the kaolinite solulion will be dominant over

the natural pH of the metal solutions. Also, the difference in I!M of H' ions present

between the pH levels of the metal solutions and the pH of kaolinite is negligible as

explained by the following equation:

pH= -log[H'] eqn.4-1

The pH increases logarithmically with a [H<J increase as Ihe equation demonstrates.

The pH level and the concentration of chlorides have an effect on the speciation of the

metals in solution. The type of species that are stable under the experimental conditions

are imponant to determine the relation between the metal adsorbed and H; ions released
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Table 4.9 shows the percentage of the most significant species under the experimental

conditions, using the method reported by Hahne and Kroontje (1973) and using the

stability constants reported by Smith and Martell (1995) at zero nonnality The most

stable species for Cd, Pb and In is Ml
+ (i.e. Pb2T

, CdlT or lnll, which is expected given

the conditions of the experiment. For Cd and Pb, the MCr species make up a

considerable percentage and would have an influence on the release of H+ ions during the

adsorption. In does nol make up a significant percentage of this species and it could be

assumed that most of the metal adsorbed is in the fonn of ln2
+ Finally, the metal

presence in the form of MCh is insignificant for the three metals

Table 4.9 Soeciation of the metals under the exoerimental conditions

Species
Melals

l\f"melaJ Cd Pb II Zn
1m.\lIL 2mMll lmMil Im.WI. lm.\tIL JmWL ImMlI. ,~, JmWL

%M· 84 72 63 93 86 81 99 99 98
% Mel 16 " J6 7 14 19 1 1 2
%1\1C12 "" .0 1 .0 .0 "" I "" .0 .0

The relationship between the adsorption of metals and the release ofH'" ions seems not to

follow a completely consistent pattern, especially for Zn and Pb; these same results were

found by Farrah et a!. (1980), Nevertheless, during certain times there are some

similarities in the types of reactions observed and there does seem to be an implied

relationship between the process of metal adsorption and change in the H
T

ion

concentration as shown in Table 4.10 and Figures 4,5 104.7. However, the fact that there

is no linear relationship between the release of H+ ions and metal adsorbed does not mean

that the pH of the solution will not affect the retention of the metal. The ratio of 11 ions
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released to metals cations adsorbed is obtained by dividing the amount of H+ desorbed

and the amount of metal adsorbed using the values presented in Table 4.7 and 4.8

If the changes in pH are merely a consequence of the adsorption process, then the ratio

should be always be between I and 2 since the two species that the clay would adsorb are

M1. and Met However, the data shows some ratios higher than two in I mMIL and 2

mMIL Cd solutions, I mMJL and 2 mMJL Zn solutions and the 3 mMIL Ph solutions

(data in Table 4.8) and ratios lower than one in the 3 mMIL of Cd solution, 3 mMIL of

Zn solution and 2 mMIL and 3 mMIL of Pb solution (data in Table 4.8). This indicates

that there arc othcr processes occurring during the adsorption of the metals that increase

and decrcase the pH of the solution.

d bedTab141ORa· f h H', tlOO t e Ions re ease tot emeta catIons a sor
1 mMiL 2mMfl 3mM/L

Time

"" Z" p, Cd Z" p, Cd Z" p, Cd

0.1 6. 3. 1. 1. 2. 1. 0 2.0 1.
1 2. 1.1 2.1 1. 0 1.1 0.4 0.4 0
2 4 1.5 1. 1. 1.1 1.1 0 0.4 0
4 4.3 1.5 1 2. 1 0 0.6 0 0

• 5.1 2.2 2. 1 1.4 0 0.5 0.4 0
12 2.7 1. 2. 1. 1.1 1. o. 0.4 o.
24 3.3 1.2 5. 1. 1. 3 0.4 0.3 1
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Figure 4.6 Relationship between ratio of H+ ions desorbc:d o\"er Zn ions adsorbed as a function of
lime
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Figure 4.7 Relationship between ratio of U' ions desorbed O\·U Cd ions adsorbed as 11 function of
time

There is a relationship between the ratio and the time for the three metals that can be

represented by a polynomial equation for all the solutions of Cd, for the 1 mM/L solution

ofZn and 3 mMIL solution ofPb, and by a logarithmic equation for the other Pb and Zn

solutions (trend line represented by the dark line in Figures 4,5 10 4.7), In the case of Cd,

the polynomial equations of second order calculated using excel are in agreement for the

data up to 24 hours. The equations for each Cd solution are:

, = 0.00551 2 + 0.00331 + 1.73 eqn 4-1

':0.0099(2+0,159/+1.4121 eqn4-2

,:0.0054(2 +0,0083/+0,8432 eqn4-3
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Where r is the ratio and t is time in hours. The trends of these equations are in good

agreement with the trend of the Cd adsorption found in this research and can be used to

predict the amount of metal adsorbed onto kaolinite at any given time. The only condition

will be to use the same kaolinite used in this study

The curves for Pb are also in good agreement with the results gathered, and can predict

the ratio values with time to some Clttent of accuracy until 24 hours. The equations are as

follows

r = 1.1776 +0.1518In(l) +0.2788(1n 1)2 -0.1054(lnl») eqn 4-4

r = 0.7246 + 0.1226t - 0.0169(1 In 1+ O,0099IB + O·~15j57 eqn 4-5

r=O,2718+0.023471-0.0009t1+~
I

eqn4.6

Where r is thc ration and t is lime in hours, As expected between 12 and 24 hours, there is

stabilization between thc ratio and time, which indicates an equilibrium in the adsorption.

Finally, the cquations for Zn are

r = 11,7196 _ 0 5525r + 0.0004() _ 9.4773 + 0.245061
101 (1

r= 1.6993-1.82I1nt+0.5380(lnt)1

1 1.1233Inl+0.3453(1nl)1 0,0039(lnl»)
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r = 1.9760 -1.60561 +0.0271/ l -0,0003/' + 1.6677/°" In t eqn 4-9

Where r is the ratio and t is time in hours. The complexity of the Pb and Zn equations

could be due to the fact that more variables are affecting the retemion of these two

metals, than occurs for Cd, These variables could be the pH of the solution, the

concentration of the metal and the amounts of kaolinite and the Fe oxides that are

participating in the sorption process. For Pb and Zn, the ratio of metal uptake with time

can be predicted using these curves, including for those times where is a sudden drop in

the pH of the solution

In the case of Cd, the second order polynomial equations are in good agreement with the

experimental data. This could be as a result of fewer factors being involved in the

relationship between ratio and time. In this case, the pH of the solution will be an

important factor affecting the adsorption with Ihe concentration of the metal solution

playing a minor role

For the three metals, the biggest ratio is present in the 1 mMlL solution and the lowest

ratio is present in the 3 mMIL solution (Table 4.10). This behaviour is explained in part

by the speciation of the metals; the higher the concentration, the higher the presence of

MCr species which in theory, would only release one H' ion at the time the metal is

adsorbed, Comparing the three metals, Zn presents the largest ratios for the I lTh\1lL and

2 mMIL solutions while Cd shows the largest ratios for 3 mMIL solution. Zn is expected
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to release the highest concentration of H' as almost all of the metal is present in Znlo

form. On average, Pb has the smallest ratios for the three concentrations but the presence

ofMCr is higher for Cd than for Pb, Hence, the adsorption ofPb is either taking place in

sites that do not release H~ ions or the H* ions are being adsorbed in other sites after the

retentionofPb

The kaolinite has a higher affinity for Pb than for Cd and In. This same behaviour was

reported by Li and Wu (1999) and Yang and Phadungchewit (199]). Also, Yong and

Phadungchewit (199]) suggest that Zn has a higher retention than Cd at low pH levels

This Irend is also obtained in this study as ln shows a higher adsorption onto the clay

than Cd for the concentrations of 1 mMIL and] mMIL. For the 2 mMIL solutions of each

metal, the difference in the adsorption is minimal until 12 hours

The difference in the adsorption between Zn and Cd could be due to the fact that Cd

could be limited by the electrostatic forces The low pH of the solution yields a positive

charge in the soil that reduces the amaction of cations. This could be inhibiting the

reaction of Cd with the clay, especially with the Fe oxides that are electrostaticly mOTC

active than the other sites of the clay

The adsorption behaviour through time is different for each metal; however, there are

some similarities between the adsorption of Zn and Pb as both metals reach a saturation

stage in the clay (Figures 4.4a and 4.4b). Also, In and Pb prescnt a peak in release of W
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ions at 8 hours for the I mMIL solutions and the H+ ion release is similar for I rru\1!L and

3 mMIL solutions (Figures 4.3a and 4.3b), This similarity could indicate that both metals

are attached at similar sites on the kaolinite, while Cd is attached at other available sites

Cd also has a constant metal uptake until between 12 and 24 hours when there is a drop in

the pH and a release of Cd to the solution. Suraj et al. (1997) repon that Cd adsorption

decreases with time and this is in agreement with the results obtained in this research. A

reason for this behaviour could be that after the metal is allached to the clay there are

physical interactions, such as mixing, that could be strong enough to break the

electrostatic bonding between the clay and the metal

Kaolinite releases the least amount of H+ ions in the presence of the 3 roM concentrations

ofPb and In (Figures 4.3a and 4.3b) while Cd releases the most ..r ions in the presence

of 3 mM concentrations of Cd (Figure 4.3c). This difference in the release of H" ions and

the fact that there is no direct linear relationship between adsorption of the metals and

release of H' ions, as shown in Figures 4,5, 4,6 and 4,7, could indicate the presence ofa

secondary reaction during the adsorption process

Some of those secondary reactions could be the interaction of the metals with the Fe

oxides and silicon oxides present in the solution, as several authors (Reid and McDuffie

1981, Gerritse and Van driel 1984, Chaun et al. 1995) suggest. The percentage of Fe

oxides present in the kaolinite is 0.125 %, which is equivalent to 2.5 mg of Fe oxide in a

2 g sample as used for the batch leSIS. Regardless of the low amount of Fe, the CEC
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clearly increases indicating that this amount will be enough to interact with the H' ions

and the metals, changing the shape of the curves in Figures 4.3 and 4.4

It is established that the type of kaolinite metal interactions that are important during the

adsorption of Pb and Zn are different from those involving Cd

The adsorption of Ph is similar to the behaviour observed by Scheidegger and Sparks

(1996) in their study of the adsorption of Ni onto pyrophyllite. The tendency in the

adsorption of Pb is that there is an increment in the adsorption during the first 4 to 8

hours then the saturation or stabilization point is reached. However, the release ofH' ions

does not follow the same trend as the adsorption. Figure 4.3a shows one peak at 8 hours

for the I mMJL and 2 mMlL solutions and a peak at 4 hours for the 3 mMfL solution.

These peaks mean a drop in the pH of the solution but as shown in Figure 4.4a, this

change in the pH does not affect the adsorption of the metal

The ratios between H' ions released and Pb adsorbed are usually lower than 2 except at

0.1 hours where the ratio is 2 as shown in Table 4.10. With the 3 mMIL solution, the ratio

is lower than one indicating that during the adsorption of Pb, the H' ions are being

adsorbed by the clay. Potter and Yong (1999) suggest Fe oxides are probable sites for Pb

to react but the metal could also react with aluminium or silicon sites releasing H' that

are later re-adsorbed by kaolinite or the Fe oxides sites. These reactions are explained

later in section 4.7.3
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Table 4.11 Initial and final nH ofthe metal solutions
Final nH of the solutions

Z. Cd Pb
\ 2 3 \ 2 3 \ 2 3

mMIL mMIL mMIL mMIL mMIL m.WL mMIL mMIL mMIL
Time pHo pHo pHo pHo pHo pHo pHo pHo pHo
'bn 4.' 4.' 4.' 4.' 4.' 4.' 4.' 4.' 4.'
0.\ 3.8 3.7 3.' 3.9 3.7 36 3.7 3.5 3A
\ 3.6 3.6 3.7 3.7 3.7 3.7 J7 35 37
2 3A 3.6 3.7 3.8 3.7 3.7 3.5 3A 3.7
4 3.4 3.5 3.6 3.9 3.8 3.7 3.4 3A 3.6
8 3.2 3.5 3.7 3.9 3.8 3.7 3.3 3.J 3.7
12 35 36 3.7 3.8 3.7 3.7 3.5 3A 3.7
24 3.5 3.7 3.7 3.6 35 35 3.6 3A 3.7

pHo IS the mlllal pH of the kaohmte. This IS the pH lhat IS consIdered as tbe mlilal pH to calculale the
change in W ions.

The data in Table 4.9 show that Pb2
+ and PbCr are the dominant species during the

adsorption ofPb. For the I mMIL solution, the ratio ofH~ ions released and Pb adsorbed

is higher than 2 at 8 hours. The pH level at this point (pH;33) is the lowest among the 1

mMIL solution (data presented in Table 4.11)

This could mean that after 8 hours, the dissolution of A1(OHh reachs its peak decreasing

the pH of the solution (the dissolution of aluminium hydroxide from the kaolinite begins

around pH 4.4). This could explain the drop in the pH after 8 hours of exposure and a

similar explanation could be made for the peak in the 2 mMIL solution despite the fact

that the ratio in this case is higher than 2 only at O. I hours. The 3 mMIL is different

(Figure 4.3a). There is a peak in the release of Ir ions at 4 hours and the moles of W

ions released are lower than the moles of Pb adsorbed at all the times except for 0.1
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hours. The Pb species with the lowest valence is PbCr and therefore having a ratio

below one indicates that the H+ ions are being adsorbed onto the clay or they are reacting

with another compound in the solution. Therefore, there is a possibility that the H' ions

could be reacting with the Fe to fonn Fe hydroxyls or that the metal is reacting directly

with the Fe oxides (Poller and Yong 1999).

The drop in the pH level during the adsorption of Pb has lillIe effect on the trend of the

adsorption The low adsorption at 0.1 hours is an indication that the adsorption of Pb is

slightly slower than the adsorption of the other metals and the pH of the solution has

marginal interference during the process. Only for the 3 mMIL concentration there is a

slight drop in the adsorption at the fourth hour that coincides with the drop in the pH

level, but it is also noticeable that during the adsorption of the higher Pb concentration

there is no significant change in the pH of the solution (Table 4. II). Since the drops in

the pH are generally not rellected in the adsorption, there could be a lack of competition

of the H" ions with Pb for the negative spaces in the clay. This lack of competition could

be as a result of the higher electronegativity of the Pb (compared to H' ions), enhancing

the attraction of the metal to the clay and therefore the reaction is by cation exchange

(Cotton and Wilkinson 1998). There is also the fact that the clay shows a large affinity

for Pb (Yong and Phadungchewit 1993), possibly due to the presence of specific sites for

adsorption
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The release of H' ions with the Zn solution is similar to that observed with the Pb

solution. Both metals, Zn and Pb, show a decrement in the pH of the lowest metal

concentration during the first eight hours of exposure (Table 4.11), Nevertheless, the

adsorption of Zn seems not to be affected by these changes, as the concentration of metal

in the clay remains almost constant during the 24 hours (Figure 4.4b) The maximum

concentration of Zn adsorbed is observed during the first hour of exposure with the clay

and the minimum is observed during the first minutes of exposure (Table 4.8)

The maximum amount of Zn adsorbed coincides with the lower concentration of H- ions

in the solution. A competition of H- ions for the negative spaces in the clay cannot be

established as the pH level drops after the first hour and the metal adsorbed does not

change more than 0.5 IJ.MI gr, Like the Pb, the higher concentration of Zn solution yields

the lower release ofH+ ions or the low concentration ofH' ions in solution.

This coincides with the fact that the pH level of the 3 mMIL is the highest for the three

solUlions indicating that for the I mMIL and 2 mMJL solution the increment in the

dissolution of aluminium hydroxyls is possible. The Fe oxides present in the kaolinite

could participate in the adsorption ofH+ ions that are released during the first 8 hours

The H- ions seem not to interfere in the adsorption of Zn; probably because the sites

where the metal is adsorbed are different than the sites where the H+ ions are adsorbed
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At the pH levels present in the solution the stable species will be 2n2
' (Farrah and

Pickering 1976)

The trend of Cd is different than the other two metals, as the pH level in the solution

increases until 12 hours (Table 411) and then drops for the final 12 hours. At the same

time, the metal adsorbed remains almost constant until the end where there is a steady

drop in the concentration adsorbed by the clay. This indicates that the clay has a higher

affinity for W ions than for Cd. Alloway (199Gb) reports tbat Cd and Zn behave similarly

during the adsorption process and that the affinity between the two metals for kaolinite is

hard to differentiate

The twO metals present some similarities during the first 12 hours of the adsorption, as

the concentration adsorbed remains somewhat constant for that time. Also, in both cases

there is a small decrement in the adsorption at the second hour of the exposure time. In

the case of the Zn, this drop in the adsorption could be related with the increase of the H'

ions in the solution, but the same could not be concluded for Cd as the pH increases

during that time

The maximum pH of the solution is reached between 2 and 12 hours (Table 4,11 page 66)

and this does not affect the adsorption of the Cd, as there is no significant change in the

adsorption curve between these times (Figures 4.3c and 44c and Table 4,11). Between

the lth and 241h hours there is a significant drop in the pH in the solution and in the
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adsorption of metal (Figures 4.3c and 4.4c). The drop in pH may be causing less Cd to be

retained

Another difference, with respect to Pb and ln, is the fact that the highest concentration of

Cd results in the lowest pH. This suggests that Ihe interactions of Cd with kaolinite are

somewhat different that those involving Pb and In. The lowest equilibrium pH values

occur for the I mMIL ofZn solution and the 2 mMIL ofPb solution (data in Table 4.11)

The dominant Cd species is Cd2~ and the release of H'- ions is expected in the solution.

However, the data show a maximum in the pH of the solution between 2 and 12 hours of

Cd adsorption, These pH values could be as a result of Cd and H~ ions retention by Fe

oxides and kaolinite at the same lime, Between 12 and 24 hours of exposure, Cd does not

reach a constant metal uptake, as there is a drop in the concentration adsorbed between

these times. This trend agrees with the observations made by Suraj et al. (1997)

This means that the adsorption of Cd is more efficient at 12 hours instead of at 24 hours

Possibly over-saturation of the kaolinite with Cd2~ and H" ions up 10 12 hours occurred,

and therefore some of these cations were released later.
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4.7.1.1 Adsorption Isotherms

Adsorption isotherms are an approach commonly used to repon the results of heavy

metal adsorption onto clay. In some studies (Farrah and Pickering 1979) Langmuir

isotherms have been used where the adsorption behaviour has been compared in terms of

the slopes of results. In this study the data is limited, however, Ihe measurement of the

adsorption at different times of exposure yields different isotherms, giving some extra

information on the adsorption process. Since Ihe initial amount of metal is required, each

concentration is multiplied by the 20 mL used in each sample. The Langmuir isotherm

can be presented in different ways

Ziper et at. (1988) plotted total Cd against Cd adsorption; Laidler and Meiser (1997)

suggest the plot of tOlal space available for the adsorption against the initial concentration

of heavy metal. CEC is considered to be a measure of the reactive spaces available in the

clay to retain metals but as the kaolinite used in this study is contaminated, it is uncenain

that all the sites are available for the adsorption. Therefore, the adsorption isotherms were

plotted following the method ofZiper et at. (1988)

Figures 4.8a to 4.8c show the isotherms for the three melals studied at different exposure

times.
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In this type of graph, the adsorption is expected to follow one of three behaviours, as

shown in Figure 4.9 and as described below:

(I) At a low metal concentration, the relation will be linear Mea"'K[Me"l

(2) At an intermediate metal concentration the relation wiJI be Me. == I + k[M:[e.J 1
l+kMe.

(3) At saturation the relation will be close to Me == k[Me.J
Q l+k[Me.l
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Figure 4.9 Representation of the Langmuir Isotherm (Modified from Laidler and Meiser 1997)

Figure 4.8a shows the adsorption isotherm for Ph. The trend of the data gives the idea

that the metal may be reaching the saturation stage with the 3 mMIL solution

Nevertheless, the exposure time seems to be an important variable, as the data can be

classified in two major groups. The first group is composed of the samples that were

exposed for I, 2 and 4 hours. In this group, the saturation stage is almost reached as the

graphs start to be asymptotic; the second group (8, 12 and 24 hours) does not show this

trend. This suggests that between the founh and eighth hour there are certain reactions in

the clay that open new reactive spaces, allowing higher metal retention. The isotherm for

0.1 hours is clearly below those two groups already identified. This isotherm shows that

the adsorption of Pb is relatively slow as in the firsl 6 minutes of exposure the stage of

the isotherm is still in the transition stage and the amount of Pb adsorbed is hetween a

half or a third of the amount adsorbed between I and 24 hours. This suggests that the

adsorption of Pb is slow in comparison to the adsorption ofZn and Cd
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The presence of secondary reactions in the clay interphase, besides the deprotonation of

the clay, is supported by the adsorption isotherms. These reactions could be the reason for

the change of pH in the solution at 8 hours (Figure 4Ja and Table 4.11) and explain why

the adsorption of Pb is not affected by this change.

Unlike Pb. the data for Cd shows that this metal is still at the first stage of the adsorption.

as most plots are almost straight lines with similar slopes except for the points at 0.1 and

24 hours. The highest slope is reached at the time of 4 hours, which also coincides with

the highest pH in the solution. Ziper et al. (1988) suggest that the ion exchange process

rules the adsorption of Cd. Therefore. the presence of less H- ions favours the adsorption

of Cd, which results in an isotherm with a Sleeper slope in Figure 4.8b. Following the

behaviour of low amounts of metal adsorbed, the slope of the adsorption isotherm

represents the ratio between k. and k.l, which are the velocity constants of adsorption and

desorption respectively. Having a k lower than unity means that the desorption velocity is

higher that the adsorption velocity. Therefore. the reactions that happen in the interphase

show that the release of the metal from the clay is favoured. k.l is almost 10 times higher

than k.. This explains the low amounts of metal adsorbed and also indicates that 24 hours

is nOI the ideal time to retain Cd as for this time k.J is around 20 times higher than k.

The change in the adsorption isotherm at 24 hours coincides with the decrease in pH of

the solution (Table 4.1 1 and Figure 4.4c). This difference between the first 12 hours of

adsorption and 24 hours could indicate that after 12 hours. there are certain reactions that
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inhibit the adsorption of Cd. The drop in pH between 12 and 24 hours indicates the

deprotonization of the clay and this enhances the competition of W ions for empty

negative spaces in the clay that results in lower retention of Cd. It is believed that the

drop in pH is causing the reduced Cd uptake by the kaolinite. If the pH had remained

constant this reduction would not have been expected. At the exposure time of 0.1 hours,

the pH is not as low as for 24 hours but as can be seen in Figure 4.gb the adsorption is not

as high as for the other times. This behaviour indicates that despite the fact that the

adsorption phenomena is a relatively fast phenomena, the clay adsorbs higher amounts of

Cd between I and 12 hours

From the adsorption isotherm data it is concluded that 24 hours is not the time of

maximum adsorption of Cd due to the appearance of secondal)' reactions inhibiting the

process This is probably caused by the decrease in pH

The isotherm for Zn does not follow the trend expected, as it does not fit any of the 3

stages explained earlier. A trend similar to Cd might be expected because the two metals

posses similar characteristics. Nevenhelcss, the adsorption appears to stabilize between

the I mMIL solution and 2 mMIL solution but then there is an increase in the amount of

Zn adsorbed when kaolinite is in contact with the higher metal concentration. The

changes in the pH are not being renected in the adsorption isotherms, as the drops in the

pH do not impact the shape of the curve. This indicates the presence of secondal)'

reactions involving the adsorption or release of H' ions. Like the other metals, the
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isothenn for 0.1 hours yields the lowest amount of meta! adsorbed probably as a result of

the exposure time

4.7.2 Desorption

The desorption test results are presented in Table 4.12. Desorption was perfonned on the

1 mMIL solution of each of the three metals. The amount of metal adsorbed prior to

exposing the clay to the EDTA solution is similar to the amount of metal adsorbed in

other adsorption experiments. In other words, for the desorption tests, separate adsorption

tests were conducted. The desorption data yields unexpected results for Cd and Zn as the

concentrations of metal desorbed are higher than the concentrations of metal initially

adsorbed. Only Pb yields coherent results with a desorption between 70-100"/0 depending

on the exposure time

Table 4, 12 Desorption results for the three metals for I mMIL concentration.
Metals

Time Cd Pb Z,

ofdesorotion A D "/od A D %d A D %d
1 0.7 4.8 670 5.7 5.8 101 U '.8 317

2 0.6 4.5 '" 5.6 5.6 100 1.7 4.5 262

• 0.7 4.4 622 5.6 5.1 91 1.7 4.' 288

8 08 4,4 m 8.2 5.9 72 " 4.7 256

12 0.9 4.' 474 5' 55 95 " 4.' 28'
2. 0.8 4.4 518 5.9 5.8 98 17 '.8 288

ooIin; D· .
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The high desorption of Pb is in agreement with the results found by Farrah and Pickering

(1978) and Hong and Pintauro (1996) where Pb is desorbed from kaolin at around 90% of

the total amount of metal adsorbed initially. EDTA is a chelator that is widely used in the

desorption of metals and it possesses a large affinity for Pb (Hong and Pintauro 1996)

and in general for most metals in solution. The desorption mechanism seems to be

effective in the first 2 hours, declines in the next 6 hours to only 70'% of the IOtal possible

desorption, and then increases to 100% again at 12 and 24 hours. The quickness of the

reactions also indicates that the metals, at least Pb, are attached on the outside surfaces of

the clay as the chelant has accessibility to them

An affinity of EDTA for the different metals cannot be established as tests with Zn and

Cd yield results that are not in agreement with the mass balance. As can be seen in table

4.12, the percentages of Cd and In released are higher than 1000/0. The results of the acid

digestion tests show that the amount of these metals present in the clay are not high

enough to give these percentages. The pollution of the sample during the runs was not an

option because the tubes were compatible with thc samples used, and also the

experimental procedure was careful cnough to avoid that problem

It may be that the reason for the results obtained is thc interference of Fe oxides in the

reading of the concentrations of Cd and Zn (Alberga et al. 1994). The results of the acid

digestion test show that the clay has a high amount of Fe, supporting the supposition of

interference. Both Cd and Zn overlap the spectrum signal of Fe on the AA spectrometer
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and this overlap usually produces readings of higher concentrations than are actually in

solution (Zhang et a!. 1997). In the case of Zn the concentration could increase readings

by up to 2.3 mMJL (Alberga et aL 1994). Since the concentrations handled are small, an

interference of this magnitude could result in desorption data being much higher than

100%

The concentrations of EDTA used during desorption are much greater than the amounts

of metal adsorbed, therefore, the EDTA could react with the Fe that is in the clay, making

it soluble, with the possibility of its being in the supernatant along with the desorbed

metal. In this way, the only readings affected are Ihe ones taken while the samples are

exposed to the EDTA solution and the adsorption data would not be affected

4.7.3 Proposed Reactions

The data obtained in the study gives some information about the reactions that are taking

place in Ihe interphase between the clay and the solution. In the literature, there is little

information about the specific reactions during adsorption. However, the information

gathered in the study is sufficient to propose some reactions between the metal solution

and the clay. The adsorption is taking place in a closed system hence; there is a limitation

of compounds that could react with the metal in solution. These compounds are likely to

be the reactive spaces of the kaolinite, which have been identified by Suraj et al. (1997)

and Sparks et aL (1995), and the iron oxides present in the clay as an impurity The
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reactions could not be confinned by thermodynamic equilibrium due to the lack of data

available, especially for the products of the reactions. However, as a result of the closed

system, there is a good opportunity that the reactions proposed in this section or a similar

reaction, take place during the adsorption of the metals

The reactions involve the exchange of H'" ions for different metal cations and the

electrostatic attraction of metal cations for negative sitcs on the kaolinite. The available

reactive spaces for kaolinite are the broken edges of the kaolinite structure, the exposed

hydroxyl groups, the exposed oxygen groups and finally the silicon oxide groups (Suraj

et aL 1997, Sparks et aL 1995). From these sites, the most important during the metal

adsorption are the kaolinite broken edges due to the unsatisfied charge in the clay

structure; thcse sites are shown in Figure 2. I. Following in importance are the exposed

hydroxyl groups and the exposed oxygen groups, which participate in the adsorption

mainly as a consequence of the oxygen high electronegativity creating a negative charge

around oxygen that attract cations; these sites are shown in Figure 2.2. Finally, the silicon

oxides sites could also participate in the adsorption of metals. However, their importance

in the adsorption depends on the dissolution of aluminium hydroxides at around pH 44;

these sites are shown in Figure 4.10

Under the experimental conditions of the solutions, precipitation is not likely a

predominant retention mechanism (potier and Yong 1999, Farrah and Pickering 1976,

Farrah and Pickering 1979, Schultness and Huang 1990). In agreement with the results
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reported by Farrah and Pickering (1979), the ratio of H~ ions released does not

correspond exactly with the amount of metal adsorbed. This has been discussed earlier in

the chapter yielding a conclusion that there are secondal)' reactions besides cation

exchange between the metals and hydroxyl groups.

Figure 4.10 Eumple of the JtrnC'lure of kaolinite ".ilh AI(OH)j dissol\'ed (Modified from Grim 1962)

Since the sample is polluted with Fe oxides, these sites will also play a role in the

adsorption of the metal. Potter and Yong (1999) reponed a larger affinity of metals for Fe

oxides than for kaolinite. Of the elements of which the clay is composed, the aluminum

hydroxide sites are favoured for adsorption but some dissolution of these sites could

occur at pH levels below 4.4 (Schultness and Huang 1990).

In general the adsorption reactions for the Pb, Cd and Zn involve similar reactions in the

interphase. However, each metal interacts differently with the clay yielding different

proportions for each reaction that results in the difference in the amount of metal

adsorbed. The general form ofthe reactions is presented in Figure 4.11.
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Figure4.!l Proposed re.llc!ionsbet..'cen me1als and kaolinite
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In the case of Pb, the pH data shows Ihat the adsorption could be happening al both, the

Fe oxide sites and some of the A1(OH)) sites, for the I mMfL, 2 rnMIL and 3 mMIL

solutions (reactions I and 4 in Figure 4.11). At the experimental conditions, the

dissolution of aluminum hydroxide sites will be limited (dissolution of A1(OHh begins at

pH=4.4) and the metal will interact with these sites and the exposed silica sites

(Schultness and Huang 1990)

The release of H
4

ions from reactions (I) and (4) will reach a maximum at the eighth

hour for Pb and the decrement in H- ions concentration will be due to reactions with

silica sites present in the clay (reaction 3). Another option for the adsorption of Pb is

reaction (2), which is the interaction with the silicon oxides sites exposed by the

dissolution of aluminium hydroxides. Among the three Pb concentrations, the reactions

that are the most important could vary

The case of Cd is different than the other two metals. Since the pH of the solution reaches

a maximum between 2 and 12 hours of exposure, this is an indication that the H
4

ions are

being adsorbed at the broken edges of the clay or by the Fe oxides (the adsorption of H'

ions onto Fe oxides is represented in Figure 2.3) Since the Fe oxides increases Ihe CEC

of the kaolinite and reactions with Cd are ruled by electrostatics forces (Ziper et al

1988), it can probably be concluded that Fe oxides wilJ play an important role in the

adsorption of Cd (Reaction 4 in Figure 4.10) despite Cd preference for Al-OH sites (PuIs
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and Bohn 1988). The increases in the pH of the Cd solution could also be explained by

the presence of reaction (5).

Finally, the ln shows a similar trend to that of the Pb, but the pH of the solution is

slightly higher for this metal. For the I mMIL solution, the dominant species of ln will

be In'' (Farrah and Pickering 1976) and since this metal can penetrate through the pore­

spaces and has a large affinity for AI sites (Suraj et al. 1997, Schultness and Huang 1990)

the reaction is likely to happen at the aluminium hydroxyl sites yielding a release of H'

ions to the solution (reaction I in Figure 4.10). The peak in release of H' ions is

obviously at the 8th hour, decreasing aft~r that. The decrement of the H' ions in the

solution could be a consequence of their reacting with exposed silicon sites (reaction 2).

For the other two Zn concentrations, the pH is higher. These conditions will favour the

adsorption on aluminium hydroxyl sites. However, The pH of the solution remains

somewhat constant The adsorption is releasing H· ions (reactions I and 4) but there are

empty negative spaces available for the H' ions to be readsorbed (reaction 2), therefore

the pH in the solution will not be changed during time

After reviewing the behaviour of the three metals, some conclusions can be established'

(I) For Pb and ln, the pH change in the solution is too insignificant to interfere with the

adsorption, (2) For Pb and Zn, the adsorption happens in specific sites for the metals,

therefore there is little competitions with H' ions (3) the adsorption of Cd is more
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influenced by the change in the pH compared to Pb and Zn (4) the presence of Fe oxides

affects the pH in the solution, probably creating specific sites for the W ions to react and

be adsorbed in the clay (5) the affinity for this clay could be established as

Pbh >Zn2+>HT >Cdh (6) the adsorption of Cd and Zn occurs quickly in comparison with

the adsorption ofPb.
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Chapter 5

Conclusions and Recommendations

5.1 Foreword

This final chapter presents a review of the results and analysis gathered in the study

From the analysis made in chapter four, it can be concluded that the results are in

agreement with similar adsorption studies. The suggestions for future research are also

given at the end of the chapter.

5.2 Conclusions

The adsorption of Cd, Zn and Pb were studied over different exposures of lime. The

results gathered in the study present further information about the interactions in the

interphase between the metal solution and the clay.
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The acid digestion test on the clay shows that the concentration of Fe in the kaolinite is

higher than would nonnally be expeeted. This suggests the presence of Fe oxides which

adds more variables to the problem. The Fe oxides probably caused the increment in the

CEC, the PlC and possibly the SSA of the soil. They also, provide Ihe clay with another

possible sile for interactions with the metal during Ihe adsorption process Despite the

indications that there could be an increase in the amount of melal adsorbed with Ihese

changes, the adsorption was not extremely high and the percentage of Ihe CEC used was

relatively low. AJso, Ihe excess Fe does not change the affinity sequence for kaolinite as

Pb yields higher amounts of metal adsorbed, with Zn and Cd following in Ihat order.

One of the objeetives of the research was to observe the relalionship between the H' ions

released and the metal adsorbed in the clay. From the results obtained in Ihis study, there

is no linear relalionship betwcen these two variables as the kinetics of the adsorption of

metals and desorption of H' ions is different among the experimental time. Hence, the

interactions will depcnd on the lime of exposure and the type of metal used. However, the

ratio of H' ions released and metal adsorbed yields a polynomial and logarilhmical trend

that seems to tit the metal behaviour for the 24 hours for the three metals. The complexity

of the Zn and Pb curves could be that the adsorption of these metals depends on more

variables than Cd. Those variables could be the amount of Fe oxides that participate in

the reaction, the amount of kaolinite, the pH of the solution, and the metal used. The

ratio of 11 ions released to metal ions adsorbed is also affeCled by the presence of Fe
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oxides because they provide the H~ ions with another site for interactions and the

possibility of their re-adsorption onto Ihe clay.

The pH level in the solution undergoes significant changes during the adsorption of the

metals, Nevertheless, in the case of Zn and Cd, between 0 and 12 hours these two

variables seem not to be related as the concentration of metal retained remains

approximately constant while the pH in the solution changes. Hence, the change in Ihe

pH of the solutions during the first 12 hours seems to be independent of the adsorption

Also, the stabilization of the adsorption of Zn and Cd until twelve hours shows that the

changes in the pH levels do not affect the adsorption process and therefore, it seems

possible thai the W ions are being adsorbed at different sites than the metals, With Pb

adsorption there is also a significant change in the pH level during the first hours that

does not affect the adsorption of the metal. The difference with Zn is that when

adsorption equilibrium is reached, the 1-1' ions released seems to yield equilibrium too

The time of exposure is a variable that is overlooked in many studies but as the data

shows, the timing is important in determining the amount of metal adsorbed. There are

instances with each of the three metals where a greater amount of metal adsorbed occurs

other that at a time of24 hours (which is considered the equilibrium time). Also, the data

shows that Cd and Zn are adsorbed quicker that Pb (Table 4,8, time 0,1 hours) but after

an hour Pb adsorption increases. Only Pb shows a small difference between the value at

equilibrium and the highest amount adsorbed In the case of Cd, the difference is
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notorious between the first 12 hours, where there is temporary equilibrium in the

adsorption, and 24 hours. The adsorption of Zn remains reasonably constant thought the

exposure time. Nevenheless, the first hour of exposure repons a higher adsorption of Zn

and the trend shows that the adsorption concentration reduces with time. With this

information, it can be conduded that 24 hours is not the time when there the highest

adsorption of the metals, and depending on the purpose of the study this must be

considered along with the other variables such as pH, type of day and metal used

The trends obtained in the adsorption isotherms are anticipated in the case of Pb and Cd

In the case of Pb, this metal is reaching the equilibrium with the solution of 3 mMIL and

possesses two types of reactions for different exposure times. This explains the presence

of two different slopes in the adsorption isotherms. Cd is still in the transitory stage and

the presence of higher concentrations of Cd in solution should yield higher amounts of

metal adsorbed. Unlike the other two metals, the trend of Zn does not show if the

adsorption is at the equilibrium or the transitory stage. The collection of more data will

provide an answer as this study only used three different concentrations of the metal

solution. Nevenheless, it is imponant to notice that the three different concentrations of

In have the same trend along all the exposure times

The desorption study could not be completed as a consequence of interference of Fe

during the A.A. spectrometry measurements. Nevenheless, some insight was obtained

about the efficiency of EDTA as an extracting agent. For desorption, the exposure times

91



were not that ronclusive as the metal desorbed remains constant during the first hours of

exposure with only a drop at the eighth hour. Hence, for the treatment of polluted

kaolinite il will only take one or two hours to detach more than 90% of the metal

adsorbed if the metal is Pb. In future studies, the presence of Fe must be carefully

monitored to avoid problems with the A.A. spectrometry readings, especiaUy if the

metals used are Cd and Zn

The specific reactions proposed at the end of chapter four are based on the information

available in the literature and the information gathered in this study, however, this

reactions were not validated by any analytical method. Nevertheless, the reactions are

likely to happen, as there is a limited amount of rompounds present in solution From the

results obtained, it can be concluded that Fe oxides play an important role during the

adsorption process for the three metals by either reacting directly with the metal or

adsorbing H' ions present in the solution. As a consequence of the contamination of the

kaolinite, the amount of Fe oxide sites present in the clay are higher than usual, therefore,

there is the possibility that not only are the metals reacting with these sites but the H'

ions present in the solution are also reacting there

The low pH levels present during the adsorption process do not seem to prevent the

adsorption of the metals .The changes in the pH levels as a resull of the adsorption also

do not seems to prevent adsorption except for Cd after twelve hours
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The information gathered in this research will be helpful in the soil remediation process

EDTA is commonly used to extract metals and its efficiency is a function of pH (i.e. low

pH levels yield low desorption), hence, the change in pH as a consequence of Ihe

adsorption could affect the extraction of the metals from the soil. Also, by examining the

results of the research, it is clear that pH is changing over time. Models that try to

characterize soils need to take this into account to represent the phenomenon accurately

Presently, many models assume a constant pH during adsorption. For the three metals,

maximum uptake occurs between 4 and 12 hours suggesting that remediation processes

could be more efficient with the knowledge of the kinetics of the metal adsorption and Ir

ions desorption.

More extensive research should be done in this area to expand the information gathered

in this study. Nevertheless, the fact that Ihere are specific reactions in the interphase that

have been proposed could reduce the uncertainly and could help to manipulate the

adsorption behavior in benefit of human activities

5.3 Recommendations

The use of unpolluted clay is highly recommended for the study of the reactions between

the clay and the metal solution The reason for this is that the pollutanls add more

variables to the study, which affects the trends in the adsorption and increase the

reactions that need to he followed
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In the case of Cd and Zn, it will be worth following the adsorption of these metals in the

range of minutes instead of hours to observe how the adsorption and the pH levels are

changing during that short exposure time. Also, the use of higher concentrations of

metals will be useful to observe the trend in the adsorption isotherms

AA spectrometry is a very useful technique to determine the concentration of metals in

solution, but since Fe is a common compound in some clays, more sensitive methods are

recommended when determining the concentration of Cd and Zn, if there is the danger

that Fe might be released from the clay. For the Ph desorption test, since the range of

hours seems to be enough to complete the process, the reduction ofexposure times to the

range of minutes could give more insight about the desorption mechanism of Pb, For Pb

and Zn, testing between 12 and 24 hours could help to establish the trend of the ratio of

H+ ions released to metals adsorbed as a function of time. Finally, since aluminium and

silica sites seem to be participating in the reactions it would be useful to know the

variation of concentration of aluminium and silica in the clay and in the solution

5.4 Future Research

The results obtained in the thesis expand the knowledge about the adsorption of metals

onto kaolinite. However, there are still some questions about the kinetics of the reaction

and the adsorption mechanisms, Future researches could focus on the individual
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interactions between the clay elements and the metals salts to obtain the selectivity of the

kaolinite (i.e. aluminium hydroxides, silica oxides and Fe oxides solutions with the metal

salts). The follow up of the pH in these experiments will be also helpful to determine the

pH changes present in this research. An insight of the polluted kaolinite structure will be

helpful to understand how the Fe oxides are interacting with the solutions, as there is little

information in how these elements are distributed in the clay structure. Finally, additional

runs between 0.1 hour and I hour and between 12 and 24 hours could give more

information about the kinetics of the reactions
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Appendix A

Adsorption and Desorption Raw Data

A.I Adsorption Raw Data for Zinc

Dif=difference
F""final
K= kaolinite

aker# olinite ime olution Ho n Cone I HI ilZo ifH+
~ h~ mMn m mM mMlgrsk mM

A 2.0019 0.1 0.97 46 62 0.0190 3.7 0.0002 0.0035
B 1.9900 0.1 0,97 4.6 5.8 0.0177 3.8 0.0008 0.0027
1 2.0015 8 0.97 4.6 4.' 0.0150 3.2 0,0022 0.0115
2 1.9980 8 0.97 46 5.0 0.0153 3.2 0.0021 0.0100
7 2.0083 24 0.97 4.6 52 0.0159 3.5 0.0017 0.0058
8 2.0042 24 0.97 4.6 5.1 0.0156 3.4 0.0019 0.0061

13 2.0055 12 0.97 4.6 5.1 0,0156 3.5 0.0019 0.0051
14 2.0068 12 0.97 4.6 5.1 0.0156 3.5 0.0019 0.0051
19 2.0050 1 0.97 4.8 5.1 0.0156 3.6 0.0019 0.0040
20 2.0081 1 0.97 4.6 4.' 0.0150 3.6 0.0022 0.0040
25 2.0053 2 0.97 4.6 5.2 0.0159 3.4 0.0017 0.0073
26 2.0066 2 0.97 4.6 5.2 0.0159 3.4 0.0011 0.0063
31 2.0060 4 0.97 4.6 5.2 0.0159 3.4 0.0017 0,0071
32 2.0010 4 0.97 4.6 5.3 0.0162 3.4 0.0016 0.0075

eaker# aolinite om. olution Ho Cone f HI ilZn ifH+
~ h~ mMn m mM mMI rsk mM

C 1.9900 0.1 1.92 4.6 11 0.033644 3.7 0.0024 0.0035
0 1.9900 0.1 1.92 4.6 11.20.034256 3.7 0.0021 0.0035
3 2.0006 6 1.92 4.6 10.60.032421 3.5 0.0030 0.0057
4 2.0070 6 1.92 4.6 10.80.033033 3.6 0.0027 0.0051, 2.0024 24 1.92 46 11.1 0.03395 3.6 0.0022 0.0031

10 2.0070 24 1.92 4.6 11.00.033644 3.6 0.0024 0.0050
15 2.0050 12 1.92 4.6 10.80.033033 3.6 0.0027 0.0043
16 2.0068 12 1.92 4.6 10.80.033033 3.5 0.0027 0.0053

" 2.0092 1 1.92 4.6 10.50.032115 3.5 0.0031 0.0055
22 2.0065 1 1.92 4.6 10.60.032421 3.6 0.0030 0.0051
27 2.0031 2 1.92 4.6 10.7 0.032727 3.5 0.0028 0.0058
28 2.0072 2 1.92 4.6 10,60.032421 3.6 0.0030 0.0048
33 2.0017 4 1.92 46 10,6 0.032421 3.4 0.0030 0.0073
34 2.0060 4 1.92 4.6 10.7 0.032727 3.5 0.0028 0.0057
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aker# aollnite ime olution H. nCone hI HI ifZn ifH+

h" mM/1 pm mM mMlgrsk mM
E 2.0055 0.1 2.94 4 .• 14.7 0.044961 3.• 0.0069 0.0045
F 1.9990 0.1 2.94 4 .• 14.1 0.043126 3.• 0.0078 0.0045
5 2.0000 8 2.94 4.• 14.3 0.04373 3.• 0.0075 0.0041

• 2.0069 8 2.94 4 .• 13.8 0.04220 3.7 0.0083 0.0039
11 2.0060 24 2.94 4 .• 13.8 0.04220 3.7 0.0083 0.0039
12 2.0021 24 2.94 4 .• 13.7 0.04190 3.7 0.0084 0.0034

" 2_0046 12 2.94 4 .• 14.0 0.04282 3.7 0.0080 0.0033
18 1.9975 12 2.94 4.• 13.7 0.04190 3.7 0.0085 0.0032
23 2,0067 1 2,94 4.• 14.1 0.04312 37 0.0078 0.0034
24 2.0040 1 2.94 4 .• 13.7 0.04190 3.7 0.0084 0.0033

29 2.0030 2 2,94 4. 14.2 0.04343 3.7 0.0077 0.0037
30 2.0044 2 2.94 4.8 14.2 0.04343 3.7 0.0077 0.0033
35 2,0030 4 2.94 4.8 14.2 0.04343 3.• 0.0077 0.0045
3. 2,0053 4 2,94 4.• 14.0 0.04282 3. 0.0080 0.0049

A.2 Adsorption Raw Data for Cadmium

Dif=difference
F=final
K= kaolinite

eaker# olinite ;me olution H. dCone df HI irCd ifH+

" h" mM11 mM mMI rsk mM
A 1.9993 0.1 1.05 4.• 4.0 0.0178 3.8 0.0016 0.0027
B 1.995 0.1 1.05 4.8 4.0 0.0178 3.' 0.0016 0.0020
1 2.0038 1 1.05 4 .• 3.' 0.0173 3.7 0.0018 0,0033
2 2.0035 1 1.05 4.• 4.1 0.0182 3.7 0.0014 0.0035
7 2.0069 2 1.05 4 .• 4.2 0.0187 3.8 0.0012 0.0021
8 2.0000 2 1.05 4.• 4.2 0.0187 3.8 0.0012 0.0022

13 2.0057 4 1.05 4.• 4.3 0.0191 3.9 0.0009 0,0018
14 2.0020 4 1.05 4.• 4.1 0.0182 3.' 0.0014 0.0019
19 2.0031 8 1.05 4.• 4.4 0.0196 3.' 0.0007 0.0017
20 2.0057 8 1.05 4.• 4.3 0.0191 3.' 0.0009 0.0018
25 2.0066 12 1.05 4.• 4.4 0.0196 3.8 0.0007 0.0026
26 2.0047 12 1.05 4.6 4.1 0.0182 3.8 0.0014 0.0025
31 2.0060 24 1.05 4.• 4.3 0,0191 3.• 0.0009 0.0040
32 2.0059 24 1.05 4.• 4.4 0.0196 3.• 0,0007 0,0040
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Beaker # olinite ime olution H. dCone df HI llCd ilH+
h.. mM11 Pm mM mMi rsk mM

C 1.9984 0.1 2.05 4.6 '.0 0.03558 3.7 0.0027 0.0035
0 1.9967 0.1 2.05 4.6 '.5 0.03781 3.7 0.0016 0.0035
3 2.0075 1 2.05 4.6 7.7 0.03425 3.7 0.0034 0.0040
4 2.0052 1 2.05 46 7.6 0.03380 3.7 0.0036 0.0039
9 2.0060 2 2.05 4.6 7.' 0.03469 3.7 0.0031 0.0033

10 2.0026 2 2.05 4.6 7.' 0.03513 3.7 0.0029 0.0033
15 2.0020 4 2,05 4.6 7.7 0.03425 3.' 0.0034 0.0029
16 2.0069 4 2.05 4.6 7.7 0.03425 3.' 0.0034 0.0029
21 2.0017 • 2.05 4.6 7.7 0.03425 3.' 0.0034 0.0027
22 2.0049 • 2.05 4.6 7.7 0.03425 36 0.0034 0.0028
27 2.0023 12 2.05 4.6 7.6 0.03380 3.7 0.0036 0.0034
28 2.0065 12 2.05 4.6 7.7 0.03425 3.7 0.0034 0,0034
JJ 2.0085 24 2.05 4.6 '.4 0.03736 3.5 0.0018 0.0054
J4 2.0039 24 2.05 4.6 '.6 0.03825 3.5 0.0014 0.0053

eaker# aolinite ,m. olution H. dCone df HI llCd ifH+.. h" mMn mM mMJ rsk mM
E 2.0037 0.1 2.95 4.6 11.1 0.04937 3.6 0.0048 0.0045
F 2,008 0.1 2.95 4.6 11.2 0.04981 3.6 0.0046 0.0045
5 2,0008 1 2.95 4.6 10.4 0.04625 3.6 0.0064 0.0041
6 2.0080 1 2.95 4.6 10.9 0.04848 3.7 0.0052 0.0039

11 1.9988 2 2.95 4.6 10.7 0.04759 3.7 0.0057 0,0039
12 1.9992 2 2.95 4.6 10.8 0.04803 3.7 0.0055 0,0034
17 2.0008 4 2.95 4.6 10.5 0.04670 3.7 0.0061 0.0033
18 2.0064 4 2.95 4.6 10.6 0.04714 3.7 0.0059 0.0032
2J 2.0055 • 2.95 46 10.7 0.04759 3.7 0.0057 0.0034
24 2.0044 • 2.95 4.6 10.6 0.04714 3.7 0.0059 0.0033
29 2.0000 12 2,95 4.6 10.6 0.04714 3.7 0.0059 0.0037
JO 2.0072 12 2,95 4.6 10.8 0.04803 3.7 0.0055 0.0033
J5 2,0031 24 2.95 4.6 11.9 0.05293 3.5 0.0030 0.0057
J6 2.0030 24 2.95 4.6 12 0.05337 3.5 0.0028 0.0055
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A.3 Adsorption Raw Data for Lead

Dif= difference
F='final
K=kaolinite

eaker# aolinite ime olution H. bConc Pbf Hf ifPb ifH+

" "" mMfl m mM mMI rsk mM

A 2.007 0.1 4.• 7.3 0.0176 3.7 0.0012 0.0035
B 2.0077 0.1 4.• 7.5 0.0181 3.• 0.0009 0.0045
1 1.9977 8 4.• 4.2 0.0101 3.2 0.0049 0.0115
2 2.0056 8 4. 4.2 0.0101 3.3 0.0049 0.0100
7 2.0050 12 4 .• '.3 0.0104 3.5 0.0048 0.0058
8 2.0005 12 4 .• 4.2 0.0101 3.5 0.0049 0.0061

13 2.0052 24 4. 4.' 0.0118 3.• 0.0041 0.0051
14 2.0030 24 4.• 4.3 0.0104 3.• 0.0048 0.0051
19 2.0042 1 4.• 5A 0.0130 3.7 0.0035 0.0040
20 2.0046 1 4.• 4.9 0.0118 3.7 0.0041 0.0040
25 2.0054 2 4.8 4.7 0.0"3 3.4 0.0043 0.0073
2. 2.0048 2 4.• 4.3 0.0104 3.5 0.0048 0.0063
31 2.0033 4 4.• 4.' 0.0106 3.4 0.0047 0.0071
32 2.0022 4 4.• 42 0.0101 3A 0.0049 0.0075

eaker# 30linile ime olution H. b Cone Pbf Hf jfPb ifH+

" "" mMn mM mMI rsk mM
e 2.0082 0.1 2.05 4.• 15.1 0.03644 3.5 0.0023 0.0058
D 2.0082 0.1 2.05 4.• 15.1 0.03644 3.5 0.0023 0.0058
3 2.0000 8 2.05 4.• 10.2 0.02461 3.2 0.0082 0.0113
4 2.0090 8 2,05 4. 10,4 0.02510 3.3 0.0079 0,0107
9 2.0006 12 2.05 ,.. 10.4 0.02510 3.3 0.0079 0.0089

10 2.0022 12 2,05 4.' 10.5 0,02534 3A 0.0078 0.0084
15 2.0032 24 2,05 4.• 10.4 0,02510 3A 0.0079 0.0076I. 2.0013 24 2,05 4.' 10.5 0,02534 3.4 0,0078 0.0076
21 2.0017 1 2.05 4.• 11.5 0.02775 3.5 0,0066 0.0058
22 2.0090 1 2.05 4.' 11.5 0.02775 3.5 0.0066 0.0057
27 2.0027 2 2.05 4.' 10.7 0.02582 3.4 0,0076 0.0080
28 2.0012 2 2.05 4.' 11.1 0.02679 3.4 0.0071 0.0076
33 2.0044 4 2.05 4.' 10.4 0.02510 3.4 0.0079 0.0080
34 2.0040 4 2.05 4.• 10.5 0.02534 3.4 0,0078 0.0078
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Beaker # aolinlte ime olution Ho bConc Pbf HI IfPb ifH+

" "" mMil m mM mMI rsk mM
E 2.0046 0.1 3.01 4.' 22.0 0.053089 3.4 0.0035 0.0075
F 2.0041 0.1 3.01 4.' 21.7 0.052365 3.4 0.0039 0.0075, 2.0000 • 3.01 4.' 16.8 0.040541 3.' 0.0098 0.0041

• 2.0040 • 3.01 4.' 16.8 0.040541 3.7 0.0098 0.0039
11 1.9992 12 3.01 4.' 16.5 0.039817 3.7 0.0102 0.0039
12 2.0027 12 3.01 4.6 17 0.041023 3.7 0.0096 0.0034
17 2.0017 24 3.01 4.' 16.7 0.040299 3.7 0.0099 0.0033
16 2.0031 24 3.01 4.' 17.1 0.041264 3.7 0.0095 0.0032
23 2.0024 1 3.01 4.' 18.5 0,044643 3.7 0.0078 0.0034
24 2.0077 1 3.01 4.' 18.8 0,045367 3.7 0.0074 0.0033
29 2.0034 2 3.01 4.' 18.1 0.043678 3.7 0.0082 0.0037
30 1.9990 2 3.01 4.' 18.10.043678 3.7 0.0083 0.0033
35 2.0000 4 3.01 4.' 17.7 0.042712 3.' 0.0087 0.0045
36 2.0050 4 3.01 4.' 17.9 0.043195 3.' 0.0085 0.0049

A.4 Desorption Raw Data for Lead, Cadmium and Zinc

Dif=difference
F= final
K=kaolinite
0= desorption
0= initial

Beaker Kaolinite time Pbo Pbo Pbo Pbads Pbd Pbd %desorbed

"" m mM!1 mM roMI rsk m mM
1 2.0060 1 3.' 0.42230.0084 0.0058 4.' 0.0116 100
2 2.0060 1 3.' 0.43440.0087 0.0056 4.7 0.0113 100
7 2.0085 2 3' 0.42230.0084 0.0058 4.' 0.0116 100

• 2.0039 2 3.7 0.44640.0089 0.0055 4.' 0.0109 "13 2.0038 4 3.' 0.43440.0087 0.0056 4.0 0.0097 "14 2.0044 4 3.' 0.43440.0087 0.0056 4.' 0.0109 "19 2.0036 24 3.' 0.4223 0.0084 0.0056 4.' 0.0116 100
20 2.0024 24 3.3 0.39820.0080 0.0060 4.' 0.0116 "2' 2.0046 12 3.' 0.42230.0084 0.0058 4.' 0.0109 94
26 2.0034 12 3.4 0.41020.0082 0.0059 4.7 0.0113 "31 1.9990 • 3.' 0.17370.0035 0.0083 4.9 0.0118 72
32 2.0011 • 3.7 0.1786 0.0036 0.0082 4.9 0.0118 72
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Znd
m mM

3 5.4 3.3 0.0100 350
4 5.3 3.4 0.0103 326, 5.3 3.0 0.0091 288

10 5.1 3.0 0.0091 241
15 5.3 3.1 0.009462 267
16 52 3.2 0.009767 260
21 5.1 3.2 0.009787 257
22 53 3.2 0.009767 307
27 5.1 3.2 0.009787 257
28 52 3.2 0.009787 260
33 5.1 3.0 0.009176 241
34 5.2 3.1 0,009482 271

Beaker Kaolinite time Cd. Cd. Cd. Cd ads edd edd % desorbed
hB m mMn mM mMl rsk mM

5 2.0050 1 4.4 0.97850.0195 0.0007 2.2 0.009786 685
6 2.0057 1 4.4 0,97850.0195 0.0007 2.1 0.009341 654
11 2.0025 2 45 1,00080.0200 0.0005 2.1 0.009341 94'
12 2.0064 2 4.4 097850.0195 0.0007 2.0 0.008896 623
17 2.0043 4 4.5 1.00060.0200 0.0005 2.0 0.008696 904
18 2.0062 4 4.3 0.9563 0.0191 0.0009 2.0 0.008896 475
23 2.0018 24 4.3 0.9563 0.0191 0.0009 2.0 0.008896 475
24 2.0029 24 4.4 0.97850.0195 0.0007 2.0 0.008896 623
29 2.0070 12 4.3 0.95630.0191 0.0009 2.0 0.008896 475
30 2.0050 12 4.3 0.9563 0.0191 0.0009 2.0 0.008896 475
35 2.0022 , 4.4 0.97850.0195 0.0007 2.0 0.008896 623
36 2.0085 , 4.3 0.9563 0.0191 0.0009 1.' 0.008451 451

A.S Error Analysis.

This section provides a sample of the error analysis calculated for the batch test data, The

calculation of error was obtained followed the step taken by Coles (1998) where the

'0'



amount of errors are added when there is the addition or subtraction of like quantities or

the multiplication or division or like or unlike quantities

The first step in the experiment was to prepare a metal solution, The salt used was CdCI2,

which has a molecular weight of 228.34 g/gmol, and the salt was dissolved in distilled

water (D.W.), To obtained a 3 mmoVL solution of ed, 0.6850 g ofCdCh were dissolved

inDW

0.6850 g Cd ±0.14% x 1

I It ±5% 228.34 glgmo/
2.99 mmollg ±5.14%

After the sorption of Cd onto kaolinite, the solution was diluted to read in the AAS

5::: :~.~~oX2.99 mmoflg ±5.14%= 0.1199 mmofllt ±6.24%

The data obtained in the AAS has a deviation of 0.5 ppm in the Cd readings. In this

example, the value obtained is 10.8 ppm (which is 0.0967 mmoVlt).

0.1199 mmofllt ±6.24%-0,0967 mmofllt i4,6%=O,02383 ill%

The final step was to determine the amount of metal adsorbed per weight of kaolinite

The dilution faclor of25 is applied

0.02383 mmolllt ill%
2.0072 g ±O.OS% x2S=O,02968 mmollgrkaolinite ill%

This means that the data obtained in the batch test are accurate within I 1%
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