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1 INTRODUCTION 

The control of hazardous substances is crucial to prevent their spreading to the biosphere and 

to preserve public health. Nowadays, heavy metals or radionuclides are amongst the most 

critical contaminants, together with different organic compounds or other “emerging” 

pollutants.  

The World Health Organisation (WHO), points out the need of controlling in waters the 

presence of inorganic contaminants of high toxicity (WHO, 2018). These pollutants can be of 

natural origin (fluorine, arsenic, selenium, nitrate, iron, manganese, uranium) or 

anthropogenic (mercury, cadmium, zinc, copper, nickel, lead, chrome). 

Heavy metals and radionuclides represent a very important risk because they are toxic at very 

low concentrations (Bradl, 2004; Sparks, 2005). Different experimental methodologies have 

been proposed to control the contamination by these elements and many studies are currently 

ongoing (Mulligan et al., 2001; Bhattacharyya & Gupta, 2008; Barakat, 2011; Uddin, 2017). 

Amongst the organic pollutants, pesticides (Kah & Brown, 2006) or dyes (Al-Ghouti et al. 

2003; Gupta & Suhas, 2009; Hernandez-Montoya et al., 2013; Yagub et al., 2014; Anirudhan 

& Ramachandran, 2015; Hassaan & El Nemr, 2017; Cai et al., 2017) represent a serious 

environmental problem. Dyes are widespread in modern industry (food, paper, textile, 

pharmaceutical, cosmetics etc., …), have high molecular weight and quite complex structures, 

being of a persistent character.  

In the last decades, the progressive increase of the “emerging contaminant” has caused a 

growing concern (Geissen et al., 2015; Noguera-Oviedo & Aga, 2016; Gogoi et al., 2018). 

These products can be of very different nature and even some widely used pharmaceuticals as 

antibiotics, analgesics, anti-inflammatories or hormones, are included in this group. Studies of 

the WHO warn that not negligible concentrations (ng·L
-1

 – μg·L
-1

) of different 

pharmaceuticals are often found in wastewaters and surface waters but also in drinking ones 

(WHO, 2012).  

The presence of any contaminant in a (potentially) dangerous concentration can be natural or 

accidental; it may be caused by human activity or by the need of accumulating them for their 

isolation or disposal. In any case, it is very important to analyse in detail the scenario, where 

pollutants are present, to minimise the risks associated to their presence and to apply the most 

adequate prevention or remediation strategies. 

Adsorption, which is defined as “the process by which ions and/or molecules are 

accumulated in the interface between a solid and a fluid”, is a very important process for the 

control of the migration of hazardous substances in the environment and a widely used 

technology for water treatment and purification.  

Many different mechanisms can lead to adsorption of ions/molecules: van der Waals forces or 

electrostatic forces are involved in physical adsorption (physisorption) whereas in chemical 
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adsorption (chemisorption) a covalent or hydrogen bond is established between the 

ion/molecule of the solute and the solid surface. The bond energy in chemical adsorption is 

higher than in physical sorption and the complexes formed are stronger (Stumm, 1992).  

In adsorption, the accumulation of ions at the solid surface is bidimensional. Additional 

processes as absorption, in which the element initially at the surface diffuses in the bulk 

material or surface precipitation in which 3-D structures are formed at the solid surface 

(Haworth, 1990; Ford et al., 2001) may also contribute to the elimination of ions from the 

aqueous phase. The latter processes cannot be included in the term “adsorption” but are 

equally important to stabilize contaminants in the solid phases. The generic term including all 

the retention processes is “sorption” (Sparks, 2003). 

In the context of retention processes, the solid in whose surface the ions/molecules are 

accumulated is called adsorbent, whereas the accumulated chemical specie is called 

adsorbate. To maximise contaminant retention, good adsorbents should have high specific 

surface areas in relation with their mass. A large number of different materials (clays, oxides, 

active carbon, zeolites and various organic materials), which can be natural or especially 

modified, have been analysed for the treatment of different types of contamination (Bonilla-

Petriciolet et al., 2017).  

Adsorbent materials used in both conventional and radioactive waste disposals or employed 

for the containment of pollutant discharges are called barrier materials. These materials must 

have specific mechanical, thermal or chemical properties, according to the context of their use 

and, in particular, they must be reactive, i.e. be able to interact with the contaminants and 

retain them. All the barrier materials must be stable and durable, environmentally safe, 

available in large quantities and reasonably cheap. Amongst the most common barrier 

materials clayey rocks are found (Norris, 2014). 

In some cases, barrier materials must be more permeable than the rest of the surrounding 

solids, to facilitate the contaminated water flow through the adsorbent. In this case, it is 

necessary to mix the reactive adsorbent with other materials to favour the increase of porosity 

and water permeability (Rötting et al., 2008). In the frame of radioactive waste disposals, 

engineered barrier materials must have specific thermo-hydro-mechanical properties (AEN-

NEA, 2002; Sellin & Leupin, 2014) and low permeability to ensure that radionuclide 

migration could eventually occur only by diffusion, to guarantee the safety of the system.  

The in-depth analysis of adsorption processes is useful for the design of optimized sorbent 

materials. The materials must be adapted to the physicochemical characteristics of the 

contaminant and to the specific scenario. Only a deep comprehension of the system allows the 

development of materials (or barriers) with improved characteristics.  

Furthermore, the knowledge of sorption mechanisms is necessary for the development of 

mechanistic models, which are essential for the prediction of contaminant migration, when the 

chemical conditions spatially and/or temporally change. The application of mechanistic 

models to real systems still represents a challenge that must be faced. 
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Many factors can affect contaminant speciation or contaminant/solid interactions and 

consequently be crucial for contaminant fate. The comprehensive analysis of all the processes 

potentially favouring contaminant mobility is needed to avoid or, at least, counteract them. 

The objective of this document is to explain, in a simple way, the basics of adsorption 

processes, including the main experimental methodologies to tackle them, and the principal 

methods to analyse and interpret the experimental data.  

The concept of electrical double layer and surface complexation models (SCMs), will be 

briefly explained. A short description of the methods for determining the SCMs’ parameters 

(surface sites, surface charge, acid-base dissociation constants, etc) will be given. The 

possible approaches for the application of SCMs to complex systems will be discussed.  
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2 EXPERIMENTAL METHODS TO DETERMINE THE 

SOLID SORPTION CAPACITY. 

During the adsorption process, the adsorbate is divided amongst the fluid and the adsorbent. If 

both the fluid and solid phases are kept in contact for enough time, the equilibrium is reached. 

To establish the time needed to reach the equilibrium, sorption tests maintaining the adsorbent 

and the adsorbate in contact during different times (kinetic tests) must be carried out. 

Generally, ionic exchange processes are fast (hours), whereas the formation of other type of 

complex may last longer (days), depending on the type of the material and its particle size. If 

sorption tests are carried out with compacted or consolidated material, the contribution of 

diffusive processes may be relevant and the time needed to reach the sorption equilibrium can 

be significantly longer (weeks, months). 

The main objective of adsorption tests is to determine how and how much the adsorbate is 

distributed between the solid and the liquid phases, under different experimental conditions. 

Amongst the variable of special interest, we can consider: the contact time, the temperature, 

the concentration of the contaminant or the adsorbent, pH, ionic strength of the liquid or the 

presence of ions or ligands that can favour or hinder retention. 

There are two main types of tests: static (batch) tests or dynamic tests, the latter are carried 

out percolating the liquid with the adsorbing element through a column of solid material. Both 

methodologies present advantages and drawbacks, and their selection principally depends on 

the frame of the study and the type of material investigated. 

2.1 STATIC SORPTION TESTS (BATCH) 

Batch sorption experiments are the most frequently used tests for the analysis of the retention 

properties of solids, in powdered or crushed form, for their simplicity.  

The methodology to carry out these experiments basically consists on suspending a mass (m) 

of the adsorbent in a volume (V) of liquid and adding a known quantity of adsorbate, of initial 

concentration CINI (mol·L
-1

 or Bq·L
-1

). The suspension is maintained under stirring during a 

certain time (t), after which the solid and the liquid phases are separated, usually by filtration 

or (ultra)centrifugation.  

After the separation process, the supernatant is analysed to determine the concentration of the 

contaminant remained in the liquid, CLIQ. Obviously, the mass of the adsorbed contaminant is 

equal to the initial quantity minus the one remained in the liquid.  

Figure 1 shows a simplified sketch of the main steps of a batch sorption test.  
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Figure 1. Schematic of the main phases of a batch sorption experiment. 

If the volume of the liquid (V) and the mass of the adsorbent (m) are considered, the 

concentration of adsorbate CADS (mol·g
-1

) is: 

𝐶𝐴𝐷𝑆 =
𝑉

𝑚
(𝐶𝐼𝑁𝐼 − 𝐶𝐿𝐼𝑄) + 𝐶0 Equation 1 

C0 is the quantity of adsorbate that might be naturally present in the solid. If this quantity is 

negligible in respect to the adsorbate concentration, this term can be obviated. In the same 

way, if in the liquid there are traces of the element whose sorption we are studying, or the 

solid lixiviates it, this should be accounted for in the CINI term. 

The relation between the adsorbed concentration of the contaminant (CADS) and the one 

remained in the liquid (CLIQ) is defined as the distribution coefficient or Kd:  

𝐾𝑑 =
𝐶𝐴𝐷𝑆

𝐶𝐿𝐼𝑄
=
𝐶𝐼𝑁𝐼 −𝐶𝐿𝐼𝑄

𝐶𝐿𝐼𝑄
·
𝑉

𝑚
 Equation 2 

The Kd is usually expressed in [L·Kg
-1

] or [mL·g
-1

] units, and it is the parameter used to 

represent the adsorptive capability of a solid (in the specific conditions of the experiment).  

An alternative form of expressing sorption data is the percentage of adsorbed contaminant, in 

relation to the quantity initial added (%ads): 

%𝑎𝑑𝑠 = 100 ·
𝐶𝐴𝐷𝑆

𝐶𝐼𝑁𝐼
 Equation 3 

The numerical value of the distribution coefficient, or the adsorption percentage, depends on a 

number of factors, especially the chemical conditions. This means that Kd values cannot be 

extrapolated to conditions different from those of the experiment; therefore, to assess their 

dependence on various parameters of interest, it is necessary to perform multiple tests. To 

start the developing of mechanistic models for the interpretation of experimental data, it is 
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necessary to carry out the tests in the widest as possible range of experimental conditions of 

pH, ionic strength (I) and adsorbate concentration.  

The (ir)reversibility of a sorption process depends on the type of material, on the type of 

adsorbent-adsorbate interactions and on the strength of the formed bond. To understand if 

sorption is or not reversible “desorption tests” must be carried out, after the conventional 

sorption experiments. Kinetic tests are especially relevant in this frame. 

After having determined the “sorption Kd”, the solid in which the adsorbate is retained has to 

be suspended again in a fresh liquid. The suspension is maintained under stirring during the 

selected contact time, and then, the solid and the liquid phase are separated and the 

“desorption Kd”, Kd(des), determined as:  

𝐾𝑑(𝑑𝑒𝑠) =
𝐶𝐴𝐷𝑆,𝑆 −𝐶𝐿𝐼𝑄,𝐷𝐸𝑆

𝐶𝐿𝐼𝑄,𝐷𝐸𝑆
·
𝑉

𝑚
 Equation 2b 

CADS,S is the quantity of contaminant in the solid after the sorption step and CLIQ,DES the 

concentration of the contaminant in the liquid phase upon the desorption step.  

Sorption is considered “reversible” if Kd and Kd(des) coincide when the sorption and 

desorption times are the same. The hysteresis between sorption and desorption is quite 

common. In general, desorption process needs more time than adsorption to reach the 

equilibrium, above all when complexes with high bonding energy are formed. The non-

complete reversibility of the sorption process may be caused by different causes, for example 

by the diffusion of the adsorbate within the bulk material or by the formation of precipitates 

whose equilibria are mainly controlled by their solubility. 

2.1.1 SORPTION EDGES 

The experiments aimed to analyse the dependence of the distribution coefficients on pH are 

called sorption edges, for the typical shape of these curves. An example of this type of tests is 

shown in Figure 2, where the percentage of adsorption (%) as a function of pH of an anion 

and a cation on a mineral oxide are shown. The observed dependence of sorption on pH, is 

related to the variable surface charge of the solid surface, produced by the existence of 

amphoteric sorption sites, which are positively charged under acidic conditions and negatively 

charged under and basic conditions. That is why, as shown in Figure 2, cations are better 

adsorbed at high pH and anions at low pH.  

Nevertheless, in solids with permanent charge and when the main sorption mechanism is ionic 

exchange, the dependence of sorption on pH is not very relevant, whereas the ionic strength 

(I) is more influential.  

To obtain the complete information adsorption edges should be repeated at different 

electrolyte concentrations and at different adsorbate concentrations. 
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Figure 2. Adsorption edges (or adsorption tests as a function of pH), on solid materials with 

variable surface charge. The plot shows the examples for a generic cation () and anion (). 

2.1.2 SORPTION ISOTHERMS 

The set of batch experiment aimed to determine de dependence of the distribution coefficient 

on contaminant concentration are called sorption isotherms. In these tests, all the main 

parameters (temperature, pH, ionic strength) are fixed, and only the adsorbate concentration is 

varied. To obtain a more complete information, sorption isotherms should be repeated at 

different pH and ionic strengths. 

In the classical representation of the sorption isotherms, the concentration of the adsorbed 

element, CADS, is plotted against the concentration of the adsorbate remained in solution at the 

equilibrium, CLIQ. As the variation of the adsorbate concentration may vary several order of 

magnitude, data are often expressed in a logarithmic form (Log(CADS) vs. Log(CLIQ)). 

An example of this type of tests is shown in Figure 3, where the adsorption isotherm of Cs on 

a natural muscovite suspended in a low ionic strength water from a granitic rock is shown. 

Figure 3(a) shows the data Log(CADS) vs. Log(CLIQ) and Figure 3(b) the data of log(Kd) vs. 

Log(CLIQ). Both representations are very common and in each one different information can 

be evidenced. 

Figure 3(a) indicates that as far as Cs concentration increases, the slope of the curve 

decreases, indicating a progressive decreasing of the sorption capability of the material. This 

is more clearly appreciated in Figure 3(b), where it can be seen as the distribution coefficient 

decreases (up to more than two orders of magnitude) when Cs concentration decreases. 
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Figure 3. Example of sorption isotherms: adsorption of 
137

Cs on a muscovite suspended in a 

granitic water. (a) Data expressed as CADS vs CLIQ and (b) data expressed as Kd vs Cliq. In both 

cases data are expressed in a logarithmic form. 

2.2 DYNAMIC SORPTION TESTS (COLUMN) 

Batch tests are very useful to determine distribution coefficients for a contaminant under a 

wide range of experimental conditions and represent a very useful tool for the detailed 

analysis of sorption processes. However, it is often necessary to gather additional information, 

in respect to dynamic aspects, to correlate the adsorption properties of a solid and the 

migration of the contaminant in the presence of a water flow.  
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If an element dissolved in water does not suffer any interaction with the surrounding medium 

and is not adsorbed by the solid phases, it is defined as a conservative element. A 

conservative contaminant can migrate with the water flow experimenting advection, diffusion 

and dispersion processes. 

Advection is the “dragging” of solutes by water; if this is the unique existing process, 

contaminants move as water does and with the same velocity.  

Diffusion occurs as long as a concentration gradient is present, even if water flow is not 

present, and dispersion is produced by the heterogeneity of the porous medium, which lead to 

different fluid velocity within the transport paths.  

When other interactions between the migrating contaminant and the medium exist, leading to 

adsorption, precipitation or other chemical reactions, the contaminant suffers a retardation in 

respect to water. 

The retardation factor, Rf, expresses the velocity of the adsorbate in relation to water, being 

expressed by the ratio between the water velocity (v) and contaminant velocity (vc): Rf=v/vC.  

The Rf mainly depends on the solid properties and on its sorption capability, and it can be 

written as:  

𝑅𝑓 = 1 +
𝜌

𝜃
𝐾𝑑  Equation 4 

 represents the bulk density and 𝜃 the mean porosity of the solid material.  

The water velocity is related to the water flow (Q) by the following relation: v = Q/A, where 

A is the cross-section area of the channel where water is flowing. 

A typical method to analyse sorption process under dynamic conditions is based on column 

tests, where an electrolyte with the dissolved adsorbate is passed through a column of 

adsorbent material.  

In these tests, apart from the dynamic component derived from the existence of the water 

flow, the solid-to liquid ratio is much higher than in batch experiments. 

The solid material used in column experiments can be porous, formed by crushed or 

powdered material, or fractured. The fractures in the column can be naturally present or be 

mechanically produced. Fractures represent the main paths for water movement and 

contaminant migration and the surface of the fracture and natural fracture filling materials are 

the main adsorbents of the system. 

Figure 4 shows an example of a natural core from a granitic rock of the Grimsel Test Site 

(Switzerland), used at for several migration experiment in a natural fracture. Figure 5 shows 

the typical set-up of a column test with crushed material and, on the right part of the picture, a 
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detail of a column filled by the adsorbent, which is sometimes mixed with other inert 

materials to increase the permeability and to facilitate the passage of the liquid.  

  

Figure 4. Images of a natural fractured core of a crystalline rock. 

 

Figure 5. Typical set-up for a column experiment with crushed materials and a detail of the 

column filled by the adsorbent (right). 

Before starting the experiment, the columns must be sealed to avoid spills; the liquid is then 

introduced in the material with a (peristaltic) pump. Before the injection of the adsorbate, the 

column must be completely hydrated and the solid-solution system chemically equilibrated.  

The adsorbate with the initial concentration, C0, can be continuously injected in the column 

(saturation test) during the required time, or as a “pulse”. In this last option, only few 

millilitres of the solution with the adsorbate are injected (during a time ti) and, afterwards the 

hydration follows with the clean electrolyte.  

The adsorbate mass transfer to the solid is schematically represented in Figure 6.  
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Figure 6. Schematic of the adsorbate interactions with the adsorbent within the column in a 

saturation test and the corresponding breakthrough curve. 

The zone of interaction between the clean solid and the adsorbate moves along the length of 

the column. When the interaction front reaches the end of the column, the contaminant starts 

going out. From this moment on, the concentration of the contaminant in the eluted water can 

be measured to obtain the breakthrough curve. In the case of saturation experiments, the 

breakthrough curve has an S-shape (as that shown in Figure 6); in pulse tests the breakthrough 

curve resembles a peak function. 

To define appropriately the breakthrough curves, the fractions of eluted water should be small 

enough, for example with a fraction collector as that shown in Figure 5; the limitations 

concerning the minimum volume to collect depends on the type of analytical technique that 

must be used to determine the adsorbate concentration.  

Before carrying out the tests with any adsorbate, it is quite important determining the column 

transport parameters, as material porosity, and to make a hydrodynamic characterisation to 

understand how the water is moving in the system.  

This is the necessary reference to determine the retardation suffered by different contaminants 

due to the presence of the solid adsorbent, in comparison with the water movement. To 

perform this previous characterisation, conservative tracers are used, for example tritiated 

water, HTO. 

Figure 7 shows an example of two breakthrough curves obtained in the same column of 

crystalline rock material for a conservative tracer, HTO and a non-conservative one 

(uranium). The comparison of the two curves allows obtaining the retardation factor of 

uranium in respect to water, which is in this case about 5.6. 
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Figure 7. Example of breakthrough curves for conservative tracer (HTO) and a no-

conservative tracer (uranium) for the determination of the retardation factor, Rf.  

The full analysis of breakthrough curves is made considering the advection-diffusion theory. 

One-dimensional advective - dispersive transport of solutes is described by a partial 

differential equation. The main parameters used for the description of transport in a 

homogeneous medium are the dispersion coefficient (D) and the distribution coefficient (Kd), 

the latter accounting for sorption of the contaminant in the solid. The advection-dispersion 

equation for one-dimensional solutes transport subject to chemical adsorption in a 

homogeneous medium is: 

𝜕𝐶𝐿𝐼𝑄

𝜕𝑡
+
𝜌

𝜃

𝜕𝐶𝐴𝐷𝑆

𝜕𝑡
= 𝐷

𝜕2𝐶𝐿𝐼𝑄

𝜕𝑥2
− 𝑣

𝜕𝐶𝐿𝐼𝑄

𝜕𝑥
 Equation 5 

D is the dispersion coefficient and v the average pore-water velocity. If sorption is described 

as a lineal isotherm CADS = Kd·CLIQ and steady state is assumed, the equation can be rewritten 

as:  

𝑅𝑓 ·
𝜕𝐶𝐿𝐼𝑄

𝜕𝑡
= 𝐷

𝜕2𝐶𝐿𝐼𝑄

𝜕𝑥2
− 𝑣

𝜕𝐶𝐿𝐼𝑄

𝜕𝑥
 Equation 5b 

The main parameters of this equations, that can be determined by numerical or analytical 

methods and simplified analysis of the breakthrough curves can be done with computer 

programmes as CXTFIT (Toride et al., 1999) or STANMOD (van Genutchen et al., 2012). 

More details on these methodologies can be found in García-Gutiérrez & Missana (2018). 

When the tests are carried out with different flow velocities, different residence times for the 

contaminant within the column are obtained and, in consequence, a stronger or weaker 

interaction between adsorbate and adsorbent and a different overall adsorption. Furthermore, 
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the dispersive and advective contributions will be different, affecting the migration of the 

contaminant.  

In many cases, it can be useful to determine the Peclet number (Pe), knowing D and v:  

𝑃𝑒 =
𝑣·𝑥

𝐷
  

This number indicates the relative contribution of advection and dispersion/diffusion in the 

system. Pe < 0.4 indicates that transport is diffusion controlled; 0.4<Pe < 6 indicated that both 

advection and diffusion are important, whereas Pe>6 indicated that transport is controlled by 

advection (Fetter, 1999).  
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3 ANALYSIS OF SORPTION DATA: KD AND SORPTION 

ISOTHERMS 

As previously mentioned, the objective of a batch sorption test is to determine experimentally 

the distribution of a contaminant between the solid and the liquid phase thus, to measure the 

magnitudes CADS and CLIQ. 

For the analysis of sorption data, a number of different approximations with different degrees 

of complexity can be applied, depending on the pursued objectives and the nature of the 

experimental results.  

As mentioned in 4.1, the functions which determine the relation between CADS and CLIQ at 

different concentration of adsorbate are called sorption isotherms; the classic name of 

isotherms originates from the fact that temperature is a relevant parameter in adsorption 

processes and must be kept constant during the tests. 

Adsorption isotherm models aim describing how pollutants react with the adsorbent surface 

and are defined by different starting hypotheses and parameters. The determination of these 

parameters is a support for the analysis of retention processes and give information, for 

example, on the maximum sorption capacity of the solid, or on other thermodynamic 

parameters, as for example the Gibb’s free energy (Foo & Hamed; 2010).  

The shape of the sorption isotherms may be indicative of different properties. One can infer if 

sorption is or not lineal, if precipitation may have occurred, etc. The non-lineal adsorption 

behaviour as a function of its concentration may indicate the existence of surface 

heterogeneity and/or multiple types of adsorption sites at the solid surface. 

It is quite common to hear that minerals may have strong and weak sorption sites. Strong sites 

are those with low concentration but very high affinity for the adsorbate; Kd values measured 

in strong sites are higher than those measured in weak sites, which have much higher 

concentration but less affinity for the adsorbate (Dzombak & Morel, 1990; Missana et al., 

2014a).  

3.1 LINEAR ISOTHERM MODEL AND DISTRIBUTION 

COEFFICIENT 

The linear isotherm model is the easiest form to represent an adsorption process. As 

previously mentioned, the distribution coefficient, Kd is the ratio between the contaminant 

adsorbed concentration (CADS,) and the contaminant concentration left in the liquid (CLIQ): 

𝐾𝑑 =
𝐶𝐴𝐷𝑆

𝐶𝐿𝐼𝑄
 therefore, the relation between CADS and CLIQ is a straight line with the Kd as slope: 

𝐶𝐴𝐷𝑆 = 𝐾𝑑 · 𝐶𝐿𝐼𝑄 Equation 6 
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Figure 8. (a) Sorption data that can be represented by a linear isotherm. The lineal regression 

indicates that the Kd is 2.91 mL·g
-1

. (b) Representation of the same data in a logarithmic form: the 

function is a straight line with a unitary slope. 

This linear relation is defined also as “Henry’s Law”, for the analogy with the gas behaviour, 

where the quantity of adsorbate on the solid surface is proportional to the partial pressure of 

the gas (X=KH·P, where X is the quantity of adsorbate in the solid, P the partial pressure of 

the gas and KH the Henry constant). 
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Figure 8 shows a set of data that can be represented by a lineal isotherm. In Figure 8(a) data 

are plotted as CADS vs CLIQ. The linear regression gives slope for the straight line of 2.91 

mg·L
-1

, value corresponding to the Kd. 

In Figure 8(b), the same data are plotted in a logarithmic form:  

Log(CADS) = 1·Log(CLIQ) + Log(Kd)  Equation 6b 

If the Kd or linear approximation is valid the data expressed in a logarithmic form are 

represented by a straight line with a unitary slope. 

In general, the linear isotherm is valid at low adsorbate concentrations and in a small range of 

concentration. 

3.2 FREUNDLICH ISOTHERM MODEL 

In many sorption tests, non-linear adsorption is observed, thus the previously described Kd 

approximation cannot be applied. In 1906, Freundlich presented the first description which 

aimed describing non-lineal adsorption processes.  

The Freundlich isotherm can be written as: 

CADS=Kf (CLIQ)n Equation 7 

where Kf is a constant ([L·Kg
-1

]) and n is a number <1.  

The parameter n represents the degree of heterogeneity of the adsorbent, the smaller is n the 

higher is the heterogeneity of the sample (Goldberg, 2005). 

In a Freundlich isotherm, it can be observed that, as far as the concentration increases, the 

slope of the curve decreases. This means that the affinity between adsorbent and adsorbate 

decreases when the adsorbate concentration increases. In this sense, this approximation is 

considered useful to represent heterogeneous surfaces. 

Figure 9 shows a set of data that can be represented by the Freundlich isotherm. Figure 9(a) 

shows the CADS vs. CLIQ data. The values of the parameters of the isotherm Kf and n, obtained 

by fit of experimental data are 1.47 and 0.54, respectively.  

In Figure 9(b) the same data are presented in a logarithmic form. In this way, the Freundlich 

is linearized:  

Log(CADS) = n·Log(CLIQ) + Log(Kf·)  Equation 7b 

The straight line has a slope of value n (and less than 1). 
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Figure 9. (a) Sorption data that can be represented by a Freundlich isotherm. (b) Data 

expressed in a logarithmic form. The slope of straight line is lower than 1 (0.502). 

3.3 LANGMUIR ISOTHERM MODEL 

In the two previously described formulations (linear and Freundlich isotherms), it is implicitly 

assumed that an infinite number of sorption sites are present in the surface of the solid. In 

reality, the adsorption capacity of any solid is limited; to account for this limitation, in 1918 
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Irvin Langmuir developed a mathematical description, similar to that used to describe 

monolayer gas adsorption on a solid surface.  

In this approximation, Langmuir considered that the sorbent has a maximum adsorption 

capacity, is homogeneous (all the sorption sites are equivalent) and that the adsorption energy 

does not depend on the quantity of adsorbate already retained. In this model each 

atom/molecule is able to interact with only one site of adsorption and it is not possible to 

adsorb more than one monolayer of adsorbate at the surface. 

The following reaction can be written to describe a generic (1:1) adsorption process onto a 

generic sorption site:  

Free site + Ion = Complexed site Equation 8 

The equilibrium constant of the previous reaction, KLang, is:  

𝐾𝐿𝑎𝑛𝑔 =
[𝐶𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑑 𝑆𝑖𝑡𝑒]

[𝐹𝑟𝑒𝑒 𝑠𝑖𝑡𝑒][𝐼𝑜𝑛]
=

𝐶𝐴𝐷𝑆

𝐶𝐿𝐼𝑄·𝐶𝐹𝑅
  Equation 9 

CADS is the concentration of the adsorbed ion, CLIQ is the concentration of the ion that remains 

in the liquid phase and CFR is the concentration of un-complexed, free sites. This constant 

indicates the affinity between the adsorbate and the solid. 

Considering that in the Langmuir’s model the number of adsorption sites is limited and CMAX 

is the maximum adsorbable concentration we assume that: CADS + CFR = CMAX.  

Therefore, the equilibrium constant, KLang, can be rewritten as:  

𝐾𝐿𝑎𝑛𝑔 =
𝐶𝐴𝐷𝑆

𝐶𝐿𝐼𝑄·(𝐶𝑀𝐴𝑋−𝐶𝐴𝐷𝑆)
  Equation 9b 

This constant represents the affinity of the adsorbate for the solid and it is related to the 

adsorption energy. This parameter can be used to estimate the standard free Gibb’s energy 

G
0
 (J·mol

-1
) of the reactions, which depends on the equilibrium constants, K, in this way: 

𝐾 = 𝑒
−∆𝐺0

𝑅𝑇 .  Equation 10 

The classical form for the Langmuir isotherm (CADS vs CLIQ ), derived from Equation 9b is: 

𝐶𝐴𝐷𝑆 = 𝐶𝑀𝐴𝑋
𝐾𝐿𝑎𝑛𝑔·𝐶𝐿𝐼𝑄

1+𝐾𝐿𝑎𝑛𝑔·𝐶𝐿𝐼𝑄
 Equation 11 

An alternative way to represent the data is the linearized form (1/CADS vs 1/CLIQ):  

1

𝐶𝐴𝐷𝑆
=

1

𝐶𝑀𝐴𝑋
+

1

𝐾𝐿𝑎𝑛𝑔·𝐶𝑀𝐴𝑋
·
1

𝐶𝐿𝐼𝑄
 Equation 11b 

This linearized form is frequently used to obtain CMAX and KLang. 
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Figure 10. (a) Sorption data that can be represented by a Langmuir isotherm. (b) Data plotted 

in the linearized form (1/CADS vs 1/CLIQ). 

Figure 10 shows an example of data that can be adjusted by a Langmuir isotherm. In Figure 

10(a) data are expressed as CADS vs CLIQ; in Figure 10(b) data are expressed in the linearized 

form. By the fit of experimental data, the CMAX (2.86 mol·g
-1

) can be determined, as well as 

the Langmuir constant KLang (1.09). 
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When the adsorbate concentration is very small, the Langmuir equation can be assimilated to 

a linear expression with Kd = CMAX·KLang. At high adsorbate concentration, the model predicts 

a constant adsorption equivalent to a monolayer of adsorbate (CMAX). In this approximation, is 

impossible to adsorb more than an adsorbate monolayer on the solid surface. 

3.4 MODIFIED LANGMUIR ISOTHERM  

The Langmuir’s isotherm is widely used in the literature to fit experimental sorption data; 

however sometimes data linearization does not give rise to straight lines but to convex curves. 

This is most probably due to the fact that the hypothesis on which the Langmuir model is 

based are not fulfilled. 

For example: the Langmuir`s description considers that the bond energy between sorbent and 

adsorbate does not vary with the degree of site occupancy and this fact may not be true in 

reality. Similarly, the solid surface might not be homogeneous and multiple adsorption sites 

with different reactivity exist.  

To incorporate into the model the possible existence of multiple sorption sites, a generalised 

form for the Langmuir equation can be written. This is based on the summation of n equation 

for the n different adsorption sites:  

𝐶𝐴𝐷𝑆 = ∑ 𝐶𝑀𝐴𝑋,𝑖
𝐾𝐿𝑎𝑛𝑔,𝑖·𝐶𝐿𝑖𝑞,𝑖

1+𝐶𝐿𝑖𝑞,𝑖

𝑛
𝑖=1  Equation 12 

With this equation, the fit of the experimental data usually significantly improves, even if a 

better adjust does not always means a better knowledge of the system, as the number of fit 

parameters has increased too (Goldberg, 2005).  

Another possible element that can be considered, in a modified form of the Langmuir 

equation, is the presence of ions different from the adsorbate in the aqueous phase that can be 

competitive for sorption sites. This is quite common in natural waters.  

In this case, the Langmuir isotherm, which considers the adsorption of a ion I, in the presence 

of competitive ions j, can be rewritten as (Limousin et al., 2007): 

𝐶𝐴𝐷𝑆,𝐼 = 𝐶𝑀𝐴𝑋,𝐼
𝐾𝐿𝑎𝑛𝑔,𝐼·𝐶𝐿𝐼𝑄,𝐼

1+∑ 𝐾𝐿𝑎𝑛𝑔,𝑗·𝐶𝐿𝐼𝑄,𝑗
𝑞
𝑗=1

 Equation 13 

This formula implies that the maximum capacity of adsorption of the solid is not affected by 

the competence of different species. 
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4 SORPTION KINETICS 

Sorption tests as a function of time (kinetic tests) allow evaluating the time needed to 

establish the equilibrium of the adsorbate between the solid and the liquid phase. These tests 

should be carried out first than any other, to make sure that the rest of tests are performed at 

the equilibrium. Experimentally, one can consider that the equilibrium is reached when the 

final adsorbate concentration in the liquid remains constant with time (within a variation of 

5%). Kinetic tests are useful also to achieve additional information on the type of interactions 

occurring at the interface. 

The most used approximations to represent batch sorption data as a function of time (t) are the 

pseudo-first order and the pseudo-second order equations (Azizian, 2004; Largitte & 

Pasquier, 2016). 

The kinetic equation of pseudo-first order (in its linearized form) is the following:  

𝑙𝑛(𝐶𝑒 − 𝐶𝑡) = 𝑙𝑛 (𝐶𝑒) − 𝑘1 · 𝑡 Equation 14 

Ce and Ct are the quantity of contaminant adsorbed at the equilibrium and at time t, 

respectively and y k1 (s
-1

) is the velocity constant of pseudo-first order.  

The kinetic equation of pseudo-second order (in its linearized form) is the following: 

1

𝐶𝑡
=

1

𝑘2·𝐶𝑒
2 +

1

𝐶𝑒
· 𝑡 Equation 15 

k2 is the velocity constant of pseudo-second order.  

If a diffusive process is also involved in sorption, a temporal dependence of the contaminant 

may depend on the time square root. The kinetic equation is the following: 

𝑞𝑡 = 𝑘𝑖√𝑡 + 𝑐  Equation 16 

where ki is the intra-particular diffusion constant.  
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5 TYPES OF ADSORPTION AND THERMODYNAMIC 

ASPECTS.  

Sorption can be classified depending on the type of interactions occurring between adsorbent 

and adsorbate and the different resulting bonding energies. The chemical adsorption, or 

chemisorption, implies the transference of an electron between the adsorbent and the 

adsorbate, for example through the formation of a covalent bond (Langmuir, 1997). In 

chemisorption, the bonding energy may vary between 40 and 800 kJ·mol
-1

; the higher the 

bond energy, the more difficult are desorption processes. In chemisorption, is not possible to 

form more than a monolayer of the adsorbate in the solid surface. 

When electron exchange between the adsorbent and adsorbate does not exist, the adsorption 

process will be physical adsorption, or physisorption. Physisorption can be produced by van 

der Waals force, dipole-dipole or electrostatic interactions. The adsorption energy will be 

significantly less that in a chemical adsorption process (5 to 40 kJ/mol). For this reason, 

desorption processes will be significantly easier, in general physical adsorption is reversible, 

and the formation of adsorbate multilayer on the surface will be possible. 

The estimation of thermodynamic parameters in adsorption processes is very important. In 

particular, to determine the standard Gibb’s free energy (ΔG
0
), enthalpy (ΔH

0
) and entropy 

(ΔS
0
) is of interest. 

These parameters may help understanding if the adsorption (under the conditions of the 

experiment) is a process favourable or spontaneous, exothermic or endothermic. Besides, it is 

possible to infer the nature of the process (physisorption or chemisorption). 

Let’s consider a generic reaction between the adsorbent (A) and adsorbate (B), forming a 

complex AB with and equilibrium constant Ke. 

𝐴 + 𝐵 ↔ 𝐴𝐵 Ke 

When the reaction is at the equilibrium, the chemical potential in the liquid (LIQ) and at the 

interface (INT) are equal and the variation of the Gibb’s free energy tends to zero:  

ΔG = LIQ -INT = 0 = ΔG
0
 +R·T·log(Ke).  

This implies that:  

ΔG
0
 = - R·T·log(Ke) = ΔH

0
 – T·ΔS

0
 

and: 

𝐿𝑜𝑔(𝐾𝑒) =
−∆𝐻0

𝑅𝑇
+
∆𝑆0

𝑅
 Equation 10b 
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This equation (as well as Eq.11) indicates that the determination of equilibrium constant is an 

important point to study the thermodynamic of sorption processes. 

Following Equation 10b, log(Ke) data can be plotted vs. 1/T (Van’t Hoff plots) to estimate 

ΔH
0
 and·ΔS

0
 values.  

Negative values of ΔG
0
 indicate that the process is spontaneous and favourable. The larger 

ΔG
0
 value, the more favourable is the reaction. If ΔG

0
 is negative and ΔH

0
 contributes more 

than T·ΔS
0
, the reaction is controlled by the enthalpy, otherwise it is controlled by entropy.  

Negative values of ΔH
0
 indicates and exothermic process, positive an endothermic one. The 

magnitude of ΔH
0
 may give a hint on the adsorbent/adsorbate interactions: in physical 

adsorption the enthalpy is generally lower than 20 kJ/mol; electrostatic interactions may give 

values between 20 and 80 kJ/mol, whereas in chemical adsorption values between 80 and 450 

kJ/mol can be reached (Bonilla-Petriciolet et al., 2017).  

Negative values of ΔS
0
 indicates that upon the adsorption the disorder at the interface 

decreases. On the other hand, positive values suggest the existence of structural changes or 

surface re-adjustment caused by the formation of the adsorbent/absorbate complexes.  
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6 SURFACE COMPLEXATION AND IONIC EXCHANGE. 

The most relevant mechanisms that causes contaminant adsorption in solids are surface 

complexation and ionic exchange. The principal characteristics of these mechanisms will be 

briefly described below.  

In adsorption processes, the solid surface charge is a critical parameter, because the affinity of 

an ion for a solid depends also on the sign and magnitude of the surface charge and on the 

resulting electrical potential.  

In most common natural solids, two different types of charge exist: the variable and the 

permanent. The variable charge is typical in oxide minerals but can be also present in organic 

complexes with phenolic, alcoholic (=OH) or carboxilic (=COOH) functional groups.  

In the oxide surface, functional groups (>S-, where the S indicates that they are on the solid 

surface) exist; they can be neutral or positively or negatively charged, depending on the 

electrolyte chemistry and fundamentally on its pH. 

These surface sites (or surface functional groups) are able to adsorb/desorb protons and in a 

similar way they can form surface complexes with anions or cations. The ions that determines 

the surface charge in a solid are defined as potential determining ions, PDI. In variable charge 

solids, the surface charge is generated by a mechanism implying stoichiometric reactions 

between the surface functional groups (>SOH), with (OH
-
) and (H

+
) ions, which are the PDI. 

The surface sites with negative charge are indicated as >SO
-
 and those with positive charge 

>SOH2
+
. The reactions of protonation and deprotonation of the >SOH, are expressed in this 

form:  

> 𝑆𝑂𝐻2
+ ↔  > 𝑆𝑂𝐻 + 𝐻+ Equation 17 

>SOH  ↔   > 𝑆𝑂− +𝐻+ Equation 18 

with the respective equilibrium constant, as will be detailed later.  

The point of zero charge (PZC) is the pH in which the charge produced by the ions 

determining the potential is null (OH
-
=H

+
). This condition can be reached if none of the 

surface sites is ionized or when the positive and negative charge are compensated. The solid 

surface has a positive charge if pH<PZC and negative if pH>PZC. The PCZ is an important 

parameter to be experimentally determined. 

The chemical conditions can modify the sign and magnitude of the surface charge and, in 

consequence, affect the interactions between solute ions and the solids. 

Figure 11 shows the schematic of the interaction of a positively charged ion with the surface 

of a solid with variable charge. 
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Figure 11. Schematic of the interaction of a positive ion with the surface of a solid of variable 

charge, depending on the pH of the solution. 

For any pH before the PZC, the interaction between the cation and the surface will be 

hindered as both have positive charge and repulsion is expected; on the other hand, after the 

PZC the electrostatic attraction will favour the interaction and therefore the adsorption, as 

previously seen in Figure 2. 

The permanent charge is a typical characteristic of the clays; it is produced by isomorphic 

substitutions in their layer structure (for example, in tetrahedral layers Si
4+ 

is substituted by 

Al
3+

 and in octahedral layers Al
3+

 is substituted by divalent ions as Mg
2+

 or Fe
2+

), which give 

rise to an excess of negative charge.  

To compensate this excess of charge, in the solution nearest to the clay, surface positive ions 

are accumulated. These ions are easily exchangeable with other ions present in solution and 

the. cation exchange capacity, CEC, of the solid represents the quantity of “sorbed” and 

exchangeable ions per unit mass of the solid and is usually expressed in [eq·Kg
-1

] o 

[meq/100g]. 

6.1 FORMATION OF SURFACE COMPLEXES 

The surface functional groups (>SOH), apart from reacting with the IDP, are able to interact 

with other ions present in the solution. The chemical bonds between the adsorbable species 

present in solution and the surface sites lead to the formation of surface complexes.  

In a very simplified form, we can consider that a cationic ion of valence z, M
z+

, can form a 

surface complex by the displacement of the proton, following a reaction of the type:  

> 𝑆𝑂𝐻 +𝑀𝑧+   ⇔   > 𝑆𝑂𝐻 ≡ 𝑀𝑧−1 +𝐻+ Equation 19 
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The equilibrium of the reaction, is determined by the complexation constant, KM. The 

definition of the equilibrium constants in the frame of the surface complexation modelling 

will be detailed later.  

The complex described by Eq.19, is of (1:1) type and is called monodentate surface complex. 

If the adsorption reaction occurs implying two surface sites (2:1) the complex will be defined 

as bidentate and the reaction will be expressed as:  

2 > 𝑆𝑂𝐻 +𝑀𝑧+⇔   > (𝑆𝑂)2 ≡ 𝑀
𝑧−2 + 2𝐻+ Equation 20 

If the adsorbate is an anion or any other ligand with negative charge (An
n-

) the complexation 

reaction can be expressed as:  

> 𝑆𝑂𝐻 + 𝐻+ + 𝐴𝑛𝑛− ⇔ > 𝑆 − 𝐴𝑛(𝑛−1)− +𝐻2𝑂  Equation 21 

A surface complex can be an inner sphere complex if the adsorbate is directly bonded with the 

surface, in this case, we can suppose the existence of covalent chemical bonds and therefore 

specific adsorption.  

An outer sphere complex is a complex where, at least, a water molecule is interposed between 

the solid surface and the ion. Outer sphere complexation has a character predominantly 

electrostatic and can be defined as no specific. 

It is sometimes possible to identify the type of complex by spectroscopic techniques or obtain 

information by the analysis of macroscopic data (Manning et al., 1998; Goldberg et al., 2008; 

Sun et al., 2014; Ding et al., 2016). In batch experiments, the dependence of sorption with the 

ionic strength, can be an indication of inner/outer sphere complexation. In general, the ionic 

strength is important in outer sphere complexes and less relevant for inner sphere ones.  

6.2 IONIC EXCHANGE 

Ionic exchange is a very important adsorption mechanism and many technologies adopted it 

for the elimination of unwanted substances from the water. In this process, the ions present in 

the liquid phase are substituted by other existing in the solid surface, maintaining the same 

charge. Ionic exchange reactions are stoichiometric, rapid and reversible. 

In industrial processes, different materials as ionic exchange resins are used. Ion exchange 

resins are polymeric materials with different surface functional groups that can be both 

anionic or cationic (sulphonic, =SO3
-
; carboxylic, =COO

-
; amine, =N(CH3)3

+
). These groups 

are initially neutralised with counter ions as H
+
, OH

-
, Na

+
 or Cl

-
. When the resin is contacted 

with the solution with the adsorbate, the initial counterions are exchanged with those that 

must be eliminated. 

Cationic exchange is the main mechanism of sorption in clays, which mainly present a 

permanent charge. Sorption by cation exchange does not present a dependence with pH, but 

significant dependence on ionic strength.  
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To facilitate the mechanistic studies of sorption in clays, these are initially exchanged with a 

monovalent ion, generally Na, to transform them in a homoionic form (Na-clay).  

The ionic exchange reaction between a cation B, with valence zB, present in the solution and 

the cation A, with valence zA, on the solid surface (S) is defined by:  

𝑧𝐵𝐴 ≡ 𝑆 + 𝑧𝐴𝐵 ⇔ 𝑧𝐴𝐵 ≡ 𝑆 + 𝑧𝐵𝐴 Equation 22 

Using the mass law equation, it is possible to express the ion Exchange relation in terms of 

selectivity coefficient, KSEL. According to Gaines and Thomas (1953), the selectivity 

coefficient between cations A and B is defined as:  

𝐾𝑆𝐸𝐿𝐴
𝐵 =

(𝑁𝐵)
𝑍𝐴

(𝑁𝐴)
𝑍𝐵
·
(𝑎𝐴)

𝑍𝐵

(𝑎𝐵)
𝑍𝐴
  Equation 23 

where aA y aB are the activities of cations A and B, and NA and NB the fractions sites in the 

solid occupied by A and B, respectively.  

The equivalent fraction occupied by a certain ion Y, NY, is the number of adsorbed 

equivalents per gram of solid, divided by the CEC of the solid: 𝑁𝑌 =
𝑒𝑞𝑎𝑑𝑠/𝑔𝑠𝑜𝑙𝑖𝑑

𝐶𝐸𝐶
 

Selectivity coefficients can be determined through batch experiments, when the ionic 

exchange is the main sorption mechanisms.  

Reminding the definition of distribution coefficient, it can be written as:  

𝐾𝑑 =
adsorbed moles of B / gsolid

𝑚𝑜𝑙𝑒𝑠 of B in solution / V
  equivalent to  𝐾𝑑 =

𝑁𝐵(𝐶𝐸𝐶)

𝑧𝐵

1

(𝐵)
 

where (B) is the concentration of the cation B in mol per volume units. If B is present in trace 

concentration, the main electrolyte ion (A) will occupy practically all the sorption sites NA  

1. Therefore:  

𝐾𝐴
𝐵
𝑆𝐸𝐿 =

(𝑁𝐵)
𝑧𝐴

(1)𝑧𝐵

(𝑎𝐴)
𝑧𝐵

(𝑎𝐵)
𝑧𝐴
= (

𝐾𝐷𝑧𝐵(𝐵)

𝐶𝐸𝐶
)
𝑧𝐴 𝛾𝐴

𝑧𝐵

𝛾𝐵
𝑧𝐴

(𝐴)𝑧𝐵

(𝐵)𝑧𝐵
 Equation 24 

where A and B are the activity coefficients. This equation simplified is:  

𝐾𝐴
𝐵
𝑆𝐸𝐿 = (

𝐾𝐷𝑧𝐵

𝐶𝐸𝐶
)
𝑧𝐴 𝛾𝐴

𝑧𝐵

𝛾𝐵
𝑧𝐴 (𝐴)

𝑧𝐵  Equation 24b 

It has been mentioned that in an ionic exchange process the ionic strength plays an important 

role on retention. In fact, it is possible to show that the Kd of a cation B, in an electrolyte A, 

depend on A concentration according to this relation: 

𝑧𝐴 · 𝐿𝑜𝑔(𝐾𝑑) = −𝑧𝐵 · 𝐿𝑜𝑔(𝐴) + 𝐿𝑜𝑔(
𝐾𝑆𝐸𝐿·(𝐶𝐸𝐶)

𝑧𝐴·𝛾𝐵
𝑧𝐴

𝐴
𝐵

𝑧𝐵
𝑧𝐴 ·𝛾𝐴

𝑧𝐵
) Equation 25 



28 

If the charge of the adsorbate ion, B, and the electrolyte ion, A, is the same, then Log(Kd) 

depends linearly the logarithm of the concentration of A, Log(A), and the slope of the straight 

line is -1.  

If the ions that are exchanged have different charge, then the slope of the line is 

 -zB/zA. 
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7 SOLUBILITY AND PRECIPITATION.  

The solubility of contaminant species is one of the most important characteristics to consider 

for retention/migration studies. The solubility represents the capacity of a mineral of 

dissolving and defines the maximum possible concentration in the aqueous phase of the 

element composing it.  

Let’s consider a mineral AB, composed by the chemical element A and B and the respective 

activities, expressed as aAB, aA and aB.  

The constant of solubility product, Ksp, of the relation (AB   A+B) at the equilibrium, is 

defined as: 

𝐾𝑠𝑝 =
𝑎𝐴·𝑎𝐵

𝑎𝐴𝐵
 Equation 26 

The smallest is the value of Ksp, the less soluble the mineral is. For example, barite (BaSO4), 

which is a barely soluble mineral, has a constant of solubility products of 1.1·10
-10

, whereas 

the Ksp of gypsum (CaSO4), significantly more soluble, is 2.4·10
-5

.  

The Ksp is needed to know whether, in a certain solution, a mineral is precipitating or 

dissolving. In an aqueous phase the activities (not necessarily at the equilibrium) aA, aB and 

aAB can be measured to calculate the ionic activity product, IAP, which is formally defined 

exactly as Equation 26.  

The saturation index, SI, is the logarithm of the ratio between the ionic activity product and 

the constant of solubility product (SI = log(IAP/Ksp)); this parameter indicates if a mineral to 

reach the equilibrium will precipitate or dissolve.  

Basically, if SI=0, the system is in equilibrium, nothing precipitates or dissolves; if SI<0 the 

system is under-saturated, and the mineral is dissolving; if SI>0 the system is over-saturated, 

and precipitation is occurring. 

In general, the precipitation of a contaminant within a solid (non-colloidal) phase is 

favourable from an environmental point of view, because limits the occurrence in the aqueous 

phase and its transport. 

The solubility limit is a very important parameter for the safety assessment of radioactive 

waste repositories. The chemical conditions provided by the engineered barriers must favour 

the conditions in which radionuclides have minimum solubility. Cementitious materials for 

example, generates hyperalkaline conditions which favour the precipitation of contaminants 

and their overall retention. 

Surface precipitation or co-precipitation processes may occur at the solid-solution interface 

(Ford et al., 2001). These may represent a very effective retention process, often not 

reversible.  
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Surface precipitation can be produced or favoured by mechanisms of different nature. The 

properties of the adsorbate may suffer changes induced by the characteristics of the surface 

(for example redox effects) which facilitate retention; it is also possible that the aqueous 

phase nearest to the surface is different from that of the bulk solution and that this different 

chemistry influences the solubility of some species. Finally, because of the existence of 

unpaired ions, in the proximity of the surface, an excess of free energy may exist which can 

cause a local decreasing of solubility limits.  

All these mechanisms may coexist, and their relative importance depends on the electrostatic 

properties of the systems, the stability of the solid surface and the physicochemical properties 

of the adsorbate. 

Sometimes, it is not easy to distinguish sorption from processes like surface precipitation; 

some hint may be derived from macroscopic evidences, as for example the change on 

electrophoretic properties, caused by the formation of new solid species at the surface, or the 

sharp changes in the slope of adsorption isotherms.  

In particular, in the isotherms expressed in their Log-Log form, slopes higher than 1 can be 

the indication of precipitation. Furthermore, if the formation of a solid solution or precipitate 

occurs at the solid surface, is possible to obtain quantity of adsorbed material (apparently) 

higher than the maximum capacity of the solid.  

The use of spectroscopic technique is recommended to analyse the speciation of the 

contaminant and differentiate surface precipitates from adsorbed species (Roberts et al., 

2017).  

Precipitation process must be included in the geochemical modelling for the overall 

estimation of retention.  
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8 SURFACE COMPLEXATION MODELS, SCM 

The study of the adsorption based only on semi-empirical parameters, like the distribution 

coefficients or sorption isotherms models, often is not enough to gather a real knowledge of 

the processes occurring at the solid/solution interface.  

The exclusive application of this type of approximations does not allow describing sorption 

processes in natural materials, where the chemistry is complex and where different types of 

sorption sites or sorption mechanisms may exist, as well as spatial and temporal variability. 

The distribution coefficient or the parameters obtained from the isotherms are valid only for 

the conditions in which the specific test has been performed, and they cannot be extrapolated 

to others being predictive. 

A possible alternative for the analysis of sorption data, is the mechanistic approach through 

the application of surface complexation models, SCMs.  

SCMs were proposed at the beginning of the ‘70s and their main objective was to analyse 

sorption process through a chemical, physical and thermodynamic description of the liquid / 

solid interface, based on the theory of the electrical double layer EDL. 

The main advantage of SCMs is that they may be able to predict contaminant behaviour in the 

system if the characteristic of the medium (pH, ionic strength or solute species) vary. A SCM 

explicitly accounts for the surface charge in the solid, including protonation and 

deprotonation reactions (Equations 17 and 18) and charge and mass balances. To describe 

sorption in a SCM a set of chemical reactions is established, with the corresponding 

equilibrium constants describing the complexes between ions and the surface.  

Despite their limitations and some criticisable aspects, SCMs represent a significant 

improvement over the empirical sorption models, as the complexation constants derived are 

less system dependent than Kd values or the parameters obtained from sorption isotherms. 

Different types of SCMs have been proposed during the years and the main differences 

between them arise on the initial description of solid liquid interface, the EDL, with specific 

constraints and consequently on the electrostatic corrections to be applied.  

All the models are built on the following principles:  

 At the surface of the solids, functional groups that can react with the ionic species of 

the solution exist. These groups can form surface complex in an analogue way to the 

formation of aqueous complexes.  

 The surface charge is determined by all the possible reactions occurring with the 

surface groups (protonation/deprotonation; ion-pair formation; complex formation). 
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 The equilibria of the surface complexation reactions are described through mass action 

laws and applying the appropriate electrostatic corrections, based on the double layer 

theory. 

 The apparent complexation constants are empirical parameters, related to the 

thermodynamic constants through the activity of surface species.  

The selection of a model or another for the description of the experimental data is arbitrary. 

Westall & Hohl (1980) showed that it is possible to find a set of parameters able to fit 

reasonably well the experimental data, using any of the surface complexation model.  

The determined parameters are different, depending on the model adopted for the fit and the 

direct comparison of results obtained by different authors might lead to incorrect conclusions. 

Apart from the final adjustment of data and its (apparent) precision, it is always necessary to 

evaluate the physical meaning of the results of the modelling.  

The mathematic problem may have more than one possible solution and dependence on the 

initial parameters that should be evaluated by an expert judgement.  

The hypotheses on the surface complexes must be reasonable; to increase the number of 

equations (and consequently the parameters of adjustment), may improve the fit, but not 

necessarily provide a more correct and realistic description of the involved processes. In any 

step of the modelling process the decisions taken must be defendable and documented (Payne 

et al, 2013).  

Finally, it is important to place in value the experimental work. It is impossible to develop a 

good model on scarce or imprecise experimental data. Feedback should always exist between 

experiment and modelling and both activities should never be considered as independent 

tasks.  

Anytime that doubts arise, or new hypotheses are posed, additional tests should be done to 

confute o refuse them. Furthermore, the application of models and the use of geochemical 

code may help designing experimental tests in optimal conditions. 

In the next paragraph, the basic concepts of the electrical double layer will be briefly 

summarised as well as the most important complexation models based on this theory.  

8.1 ELECTRICAL DOUBLE LAYER, EDL 

As already mentioned, most of the solids dispersed in a liquid phase (clays, oxy-hydroxides, 

carbonates, …) present electrically charged surfaces. To counterbalance the surface charge, 

ions of opposite sign (counter-ions) tend to accumulate in the liquid nearest the surface.  

For this reason, the interface between the solid and the bulk fluid is called electrical double 

layer, EDL. A simplified sketch of the EDL is shown in Figure 12. The first description of the 
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EDL comes from Gouy (1910) and Chapman (1913), but it has been modified and corrected 

over the years, with a special contribution by Stern and Grahame. 

 

Figure 12: Simplified sketch of the electrical double layer, EDL, at the solid – water interface.  

As can be seen in Figure 12, the counterion concentration near the solid surface is very high, 

and these form a quite compact layer. This region is called Stern layer (or inner Helmholtz 

layer) where the ions are relatively immobile.  

In the external layer (or diffuse layer), ions suffer electrostatic interaction with the surface, 

but they can still shift by thermal movement. Within this layer, the excess of counterions 

decreases with the distance from the charged surface in an exponential way, following a 

Maxwell-Boltzmann distribution. In the bulk of the solution, the concentration of negative 

and positive ions is equivalent. 

The relation between the density of charge in the diffuse layer (d, C·m
-2

) and the potential 

(d, V), is obtained by solving the Poisson-Boltzmann equation, with the appropriate 

boundary conditions:  

𝛻2 =
−𝜌

𝜀𝑟𝜀0
 Equation 27 

where  is the volumetric density of charge (C·m
-3

), r is the relative permittivity of the 

solution, and 0 the permittivity of the free space. 

The solution of Equation 27 for a monovalent electrolyte of a ionic strength I (mol·L
-1

) is: 

𝜎𝑑 = −√8𝜀𝜀0𝑅𝑇𝐼 · 𝑠𝑖𝑛ℎ (
𝐹𝑑

2𝑅𝑇
) = −√8𝜀𝜀0𝑅𝑇𝐼 · 𝑠𝑖𝑛ℎ (

𝑒𝑑

2𝑘𝐵𝑇
) Equation 28 
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where e is the electron charge kB the Boltzmann constant, T the absolute temperature, F the 

Faraday constant and R the gas constant. 

In an aqueous solution at 25 ºC, the term √8εε0RT𝐼 can be simplified to 0.1174√𝐼 being the 

surface charge density expressed in C·m
-2

.
 

The general equation for an electrolyte at 25 ºC is: 

𝜎0 = −𝜎𝑑 = 0.1174√𝐼 · 𝑠𝑖𝑛ℎ(
𝑧𝐹𝛹𝑑

2𝑅𝑇
) Equation 28b 

Another interesting parameter for the description of the solid-liquid interface is the thickness 

of the double layer (1/), or Debye length, that can be expressed as: 

−1 = √
𝜀0𝜀𝑟𝑘𝐵𝑇

2·1000·𝑁𝐴·𝑒
2·𝐼

 Equation 29 

For a symmetrical monovalent electrolyte, Equation 29 is: −1 = √
𝜀0𝜀𝑟𝑅·𝑇

2·1000·𝐹2·𝐼
. This formula, 

can be simplified for an aqueous solution at a 25 ºC being: 

−1(𝑛𝑚) =
0.304

√𝐼
 Equation 29b 

Equation 29 indicates that the ionic strength of the electrolyte plays an important role on the 

double layer structure. The thickness of the double layer and therefore the space affected by 

the presence of an electrical potential depends, in fact, on the ionic strength.  

8.2 REACTION CONSTANTS IN THE EDL 

If the interactions of the ions with the solid are influenced only by electrostatic forces, which 

maintains the counterions near the surface, these interactions can be defined as non-specific. 

The ions interacting with the solid surface only by electrostatic forces are called inert. 

Nevertheless, in adsorption processes, apart from the electrostatic forces, chemical forces can 

be present. These lead to the formation of surface complexes between aqueous ions/molecules 

and the surface functional groups. In that case the interactions can be defined specific and the 

ions as specifically adsorbable. 

In surface complexation reactions, the equilibria are described with law mass reactions 

similarly to complex formation in the aqueous phase; however, the existence of an electrical 

potential, which influences the solid/solution interface, implies corrections to these equations. 

The concentration of any ion n (with charge, z) in any point x of the interface is determined 

by the Maxwell-Boltzmann distribution, then: 

𝑛(𝑥) = 𝑛𝑏𝑢𝑙𝑘 · 𝑒𝑥𝑝 (
−𝑧𝐹(𝑥)

𝑅𝑇
) = 𝑛𝑏𝑢𝑙𝑘 · 𝑒𝑥𝑝 (

−𝑧𝑒(𝑥)

𝑘𝐵𝑇
) Equation 30 
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Considering the basic equations to define the surface charge of the solid (Eq. 17 and 18):  

> 𝑆𝑂𝐻2
+   

𝐾𝑎1
𝑎𝑝𝑝  ↔   > 𝑆𝑂𝐻 + 𝐻+ 

> SOH   
 𝐾𝑎2
𝑎𝑝𝑝  ↔   > 𝑆𝑂− +𝐻+ 

their reaction quotients or apparent reaction constant will be 𝐾𝑎1
𝑎𝑝𝑝

 y 𝐾𝑎2
𝑎𝑝𝑝

:  

𝐾𝑎1
𝑎𝑝𝑝

=
[>𝑆𝑂𝐻][𝐻+]

[>𝑆𝑂𝐻2
+]

 Equation 17b 

𝐾𝑎2
𝑎𝑝𝑝

=
[>𝑆𝑂−][𝐻+]

[>𝑆𝑂𝐻]
 Equation 18b 

Accounting for Equation 31, the concentration of protons in the interface is not always equal 

to that of the bulk solution (where pH is measured) because, in fact, any ion in the solute 

presents a Maxwell-Boltzmann distribution.  

Thus, the expression for proton concentration in the interface is:  

[𝐻+]𝑥 = [𝐻
+]𝑏𝑢𝑙𝑘 · 𝑒𝑥𝑝 (

−𝐹(𝑥)

𝑅𝑇
) = [𝐻+]𝑏𝑢𝑙𝑘 · 𝑒𝑥𝑝 (

−𝑒(𝑥)

𝑘𝑇
) Equation 30b 

This means that in the EDL, the apparent constants include a Coulombic term, which accounts 

for the effects produced by the surface potential.  

For any constant we will have: 

𝐾𝑎𝑝𝑝 = 𝐾𝑖𝑛𝑡 · 𝑒𝑥𝑝 (
𝑒

𝑘𝐵𝑇
)  or 𝐾𝑖𝑛𝑡 = 𝐾𝑎𝑝𝑝 · 𝑒𝑥𝑝 (−

𝑒

𝑘𝐵𝑇
) Equation 31 

The exponential term represents the conversion factor between the concentration in the 

solution and the concentration in the interface, supposing that the ion distribution obeys the 

Maxwell-Boltzmann statistics and that the free energy of the ions only depends on the 

electrical potential .  

In the general case of a surface complexation reaction, considering as an example the 

Equation 19: 

> 𝑆𝑂𝐻 +𝑀𝑧+   ⇔   > 𝑆𝑂 ≡ 𝑀𝑧−1 +𝐻+ Equation 19 

The complexation constant KM, can be written as: 

𝐾𝑀(𝑎𝑝𝑝) =
{>𝑆𝑂≡𝑀𝑧−1}[𝐻+]

{𝑆𝑂𝐻}[𝑀𝑧+]
𝑒𝑥𝑝 (

(𝑧−1)·𝑒·

𝑘𝐵·𝑇
) Equation 19b 

This basically means that in an adsorption process, the total free energy G0 = -R T lnK takes 

into account two parts: the first one corresponding to the chemical contribution (G
0

INT) and 

the second one accounting for the effects of the surface potential (G
0

COUL). Therefore:  
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G
0
APP = G

0
INT + G

0
COUL  and   -RT lnKAPP = -RT lnKINT + z F 0 

The models that considers this term of electrostatic correction, are called electrostatic models. 

Nevertheless, non-electrostatic models also exist, where this correction is neglected.  

Neglecting the Coulombic term, means that the chemical contribution to the free energy is 

dominant in relation to the electrical contribution. These models have been widely used in the 

literature for the analysis of sorption data, due to their simplicity (Bradbury and Baeyens, 

1997; Missana et al., 2009). 

Different types of SCMs, based in the EDL exist: the most used are the constant capacitance 

(CC) model; the diffuse double layer (DDL) model and the triple layer (TL) model. The main 

difference between the different models lies on the description of the EDL, the location of 

adsorbed ions and the equations describing the potential.  

In all the cases, the surface potential is assumed to be null in the bulk solution. The ions 

determining the potential as H
+
 and OH

-
, are adsorbed at the solid surface (plane 0).  

8.3 CONSTANT CAPACITY MODEL (CC) 

The constant capacity (CC) model (Hohl & Stumm, 1976; Sposito, 1983), is based on the 

simplest description of the solid-solution interface.  

Figure 13 shows the schematic of the interface described in the CC model and the behaviour 

of the electrical potential as a function of the distance from the solid surface.  

In the CC model, the double layer is assimilated to a flat capacitor and the constant of 

proportionality between the charge and the potential is the capacitance of the double layer (C), 

thus the relation between the surface electrical potential 0 and the surface charge 0 is:  

0 =
0

𝐶
  Equation 32 

If d is assumed as the distances between the two capacitor plates, C can be expressed as:  

𝐶 =
0·𝜀𝑟

𝑑
 or, considering the thickness of the double layer, 𝐶 = 0 · 𝜀𝑟 · . 

In the CC model, all the formed complexes are inner sphere (only exist the possibility of 

forming complexes at the plane of the surface, plane 0) and all the ions are subject to the same 

potential. The ions of the electrolyte are considered as inert.  

The main drawback of this model is that is not able to account for the variation that may occur 

with the ionic strength. If different data sets are collected for different ionic strengths, the 

model parameters must be calculated for any ionic strength. Furthermore, this model can be 

applied only at ionic strengths high enough ( 0.1 M), which is the condition needed to 

assume that the electrical potential is linear in the interface.  
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Figure 13. Electrical potential as a function of the distance from the solid surface in the 

constant capacitance, CC, model. 

The main reactions and parameters needed to describe the surface of a solid, for the CC model 

are summarised in  

Table 1. This model has four adjustable parameters. It is necessary to determine the 

protonation and deprotonation constants Ka1 and Ka2 that can be determined by potentiometric 

titration experiments with the surface charge, 0. 

The net charge of the solid is represented by the difference between positively and negatively 

charged sites. In a titration experiment the charge is initially expressed in mol·L
-1

:  

0
∗= [SOH2

+
]- [SO

-
] Equation 33 

The conversion factor, B, between [mol·L
-1

] and [C·m
-2

] to obtain the surface charge density 

0, is: 𝐵 =
𝐹

𝑆·𝑆𝐴
.  

The third parameter that must be determined is the quantity of surface sites, Ns, which is the 

sum of the neutral surface functional groups and the positively/negatively charged:  

Ns = [SOH]+[SOH2+]+[SO-].  Equation 34 

The number (o density) of surface sites, represents an intrinsic characteristic of the solid and 

can be experimentally measured; it can be expressed in different units ([sites], [mol·L
-1

], 

[mol·g
-1

], [mol·m
-2

]), using the appropriate conversion factors.  
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Reaction K(app) K(intr) 

𝑆𝑂𝐻2
+ ↔ 𝑆𝑂𝐻 + 𝐻+ 

𝐾𝑎1 =
{𝑆𝑂𝐻}[𝐻+] 

{𝑆𝑂𝐻2
+}

 𝐾𝑎1
𝑖𝑛𝑡𝑟 = 𝐾𝑎1 · exp (−

𝑒 ·0
𝑘𝐵 · 𝑇

) 

𝑆𝑂𝐻 ↔ 𝑆𝑂− + 𝐻+ 
𝐾𝑎2 =

{𝑆𝑂−}[𝐻+] 

{𝑆𝑂𝐻}
 𝐾𝑎2

𝑖𝑛𝑡𝑟 = 𝐾𝑎2 · exp (−
𝑒 ·0
𝑘𝐵 · 𝑇

) 

Charge in the plane 0, 0 0 = 𝐵 · ([𝑆𝑂𝐻2
+] − [𝑆𝑂−]) 

Charge-Potential relation 0 =
0

𝐶
 

Capacitance, C 𝐶 =
0

0
 

Surface sites balance 𝑁𝑠 = [𝑆𝑂𝐻] + [𝑆𝑂
−] + [𝑆𝑂𝐻2

+] 

Fit parameters Ka1, Ka2, Ns, C 

Comments The application of the model is limited to ionic strength relatively 

high (0.1 M). For any of the studied ionic strengths the 

corresponding parameters will be calculated. 

 

Table 1. Reactions and parameters needed to define the solid surface with the constant 

capacity, CC, model. 

 

Figure 14. Electrical potential as a function of the distance from the solid surface in the diffuse 

double layer, DDL, model. 

The last parameter needed to describe the solid-solution interface with the CC model is the 

capacitance, C. In most cases, this parameter is considered as a fit parameter, because the its 

experimental determination is not straightforward.  
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Finally, all the equation related to the surface complex formation (Equations 19, 20, and 21) 

will give rise to the complexation constants. In practices, these constants are also determined 

as fit parameters.  

Despite this is a very simplified model, it has been widely used in the determination of 

Surface complexation constants of metals at a trace concentration in different solids 

(Goldberg & Sposito, 1984).  

8.4 DIFFUSE DOUBLE LAYER MODEL (DDL) 

The diffuse double layer, DDL, model (Stumm et al., 1976; Huang & Stumm, 1973), is most 

probably the most used SCM. A very relevant book on the application of DDL on iron oxides 

is the one written by Dzombak and Morel (1990). 

Figure 14 represents the interface described by the DDL model indicating the behaviour of the 

electrical potential as a function of the distance from the solid surface. This model supposes 

the existence of a compact region near the surface (it can be formally considered equivalent to 

the Stern layer) where the electrical potential is constant. This region is delimited by the plane 

0 and the plane d, where adsorption occur. The potential in the plane d, d, where the diffuse 

layer starts is equal to the surface potential 0.  

In the region external to the plane d, the potential decreases exponentially. The relation charge 

– potential is described by the Gouy Chapman theory (Equation 29):  

𝜎𝑑 = −√8𝜀𝜀0𝑅𝑇𝐼 · 𝑠𝑖𝑛ℎ (
𝐹𝑑

2𝑅𝑇
). 

To maintain the electroneutrality of the system the condition 0 + d =0 must be valid;  

thus: 0 =- d.  

The main reactions and parameters needed to describe the solid surface with the DDL model 

are summarised in Table 2. This model has three adjustable parameters, Ka1, Ka2 and Ns. 

As in the CC model, the total number of surface sites, Ns, is the sum of the neutral surface 

functional groups and the positively/negatively charged ones.  

In the DDL model, as in CC model, all the surface complexes are inner sphere complexes and 

all the ions are adsorbed at the plane (d). The rest of the ions remain in the diffuse layer.  

The CC model is a special case of the DDL model. Both consider a single adsorption plane, 

and in both cases the electrolyte ions cannot be specifically adsorbed. At high ionic strengths 

(when CC model can be applied), the electrical double layer is shrunk, and the electrical 

potential can be approximated to a linear function  
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Reactions K(app) K(intr) 

𝑆𝑂𝐻2
+ ↔ 𝑆𝑂𝐻 + 𝐻+ 

𝐾𝑎1 =
{𝑆𝑂𝐻}[𝐻+] 

{𝑆𝑂𝐻2
+}

 𝐾𝑎1
𝑖𝑛𝑡𝑟 = 𝐾𝑎1 · exp (−

𝑒 ·0
𝑘𝐵 · 𝑇

) 

𝑆𝑂𝐻 ↔ 𝑆𝑂− + 𝐻+ 
𝐾𝑎2 =

{𝑆𝑂−}[𝐻+] 

{𝑆𝑂𝐻}
 𝐾𝑎2

𝑖𝑛𝑡𝑟 = 𝐾𝑎2 · exp (−
𝑒 ·0
𝑘𝐵 · 𝑇

) 

Charge in the plane 0, 0 0 = 𝐵 · ([𝑆𝑂𝐻2
+] − [𝑆𝑂−]) 

Charge-Potential relation 
𝜎𝑑 = −√8𝜀𝜀0𝑅𝑇𝐼 · 𝑠𝑖𝑛ℎ (

𝐹𝑑
2𝑅𝑇

) 

Electroneutrality 0 + 𝑑 = 0 

Surface sites balance 𝑁𝑠 = [𝑆𝑂𝐻] + [𝑆𝑂
−] + [𝑆𝑂𝐻2

+] 

Fit parameters Ka1, Ka2, Ns 

 

Table 2. Reactions and parameters needed to define the solid surface with the diffuse double 

layer, DDL, model. 

In the DDL model, the dependence of sorption with the ionic strength should be accounted for 

by the surface charge dependence on (I), as indicated by the Gouy-Chapman equation. In 

principle, no restrictions for the ionic strength, must be considered. Therefore, a single set of 

parameters should be valid for any considered ionic strength. 

8.5 TRIPLE LAYER MODEL (TL) 

The previously described models consider the existence of a unique adsorption plane and the 

formed complexes can be only inner-sphere complexes.  

If only a single adsorption plane exists all the ions are subject to the same potential, thus 

according to this description, is not possible differentiating complexes having different bond 

strength. Furthermore, both in CC and in DDL models, the ions of the electrolyte are 

considered as inert. 

For these reasons, more complex models were developed to describe the solid-solution 

interface (Davis & Leckie, 1978 a, b; Davis et al., 1978; Blesa & Kallay, 1988; Hayes & 

Leckie, 1987).  

In its description of the solid-solution interface, the triple layer, TL, model, includes two 

additional planes where adsorption can take place. In this model, the adsorption of the 

electrolyte ions can be considered and, in consequence, possible difference in adsorption 

processes caused by the background electrolyte can be evidenced (Yates & Healy, 1980).  
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Figure 15. Electrical potential as a function of the distance from the solid surface in the Triple 

Layer Model 

In Figure 15, the structure of the interface according to the TL model and the behaviour of the 

potential as a function of the distance from the solid surface, can be seen. Three different 

planes can be distinguished: plane (0) corresponding to the solid surface and two other planes, 

plane  and plane d, where the diffuse layer starts. 

In the TL model, the different ions present in the solution can have different locations in the 

interface. The ions H
+
 and OH

-
 (IDP) form inner sphere complexes in the plane 0, but the 

adsorption of any other ion can lead to inner or outer sphere complexation in the plane 0 or , 

respectively. Likewise, the electrolyte ions (for example, NaClO4) can be adsorbed in the 

plane  at a potential .  

The surface interactions depend on both the potential 0 and , being the electrostatic 

correction dependent on the adsorption plane.  

For the ions adsorbed in the plane 0, for example protons, we will have:  

[𝐻+]0 = [𝐻
+]𝑏𝑢𝑙𝑘 · 𝑒𝑥𝑝 (

−𝑒0
𝑘𝑇

) 

and for other ions adsorbed in the plane : 

[𝑌+]0 = [𝑌
+]𝑏𝑢𝑙𝑘 · 𝑒𝑥𝑝 (

−𝑒

𝑘𝑇
) 

Between the plane 0 and the plane  (inner Helmholtz layer) and between the plane  and the 

plane d (outer Helmholtz layer), the difference of the electrical potential depends lineally on 
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the distance from the surface. This is equivalent to two capacitors with capacitances of C1 and 

C2, respectively.  

The main reactions and parameters needed to describe the solid surface by the TL model are 

summarised in Table 3. This model is more complex than the previous ones, and this implies 

a higher number of adjustable parameters (7): Ka1, Ka2, 𝐾𝑌+, 𝐾𝑋−,Ns, C1, C2. 

Unlike the CC and DDL models, for the TL model, to determine the surface charge it is 

necessary to consider positively and negatively charged surface sites and those coordinated 

with the electrolyte ions:  

0 = 𝐵 · ([𝑆𝑂𝐻2
+] + [𝑆𝑂𝐻2𝑋] − [𝑆𝑂

−] − [𝑆𝑂𝑌]) Equation 35 

In the plane , the charge is determined by the difference between surface sites coordinated 

with the positive and negative ions of the electrolyte (Table 3): 

𝛽 = 𝐵 · ([𝑆𝑂𝑌] − [𝑆𝑂𝐻2𝑋]) Equation 36 

Finally, in the TL model, the number of sites is:  

𝑁𝑠 = [𝑆𝑂𝐻] + [𝑆𝑂
−] + [𝑆𝑂𝐻2

+] + [𝑆𝑂𝑌] + [𝑆𝑂𝐻2𝑋]   Equation 37 

Specific parameters for this model are the two capacitance C1 and C2 and 𝐾𝑌+, 𝐾𝑋−, 

It is not straightforward to experimentally determine the values of the capacitances, which are 

often considered as fit parameters, even if it is generally accepted that the capacitance C2 

takes the value of 0.2 F·m
-2

. 

To determine 𝐾𝑌+, 𝐾𝑋−, numerical methods are frequently used even if in the past, double 

graphical extrapolations (Righetto et al., 1995) were described. In any case, the unique use of 

potentiometric titrations to derive all the model parameters may lead to problems (Koopal et 

al., 1987). 

The TC model gives a more detailed representation of the solid -liquid interface with respect 

to the previously described models, with a unique adsorption plane, but its main drawback is 

the high number of parameters, many of them are often determined by numerical 

optimisation. Unfortunately, sometimes it is difficult to affirm that the improvement observed 

in data fit is due to the better physical description or to the increased fit parameters. In this 

sense, the need of encountering additional information, to decrease the number of fit 

parameters or defending the selection of parameters, opens a very interesting research field. 

Sahai and Sverjensky (1996, 1997 a and b) proposed estimating the parameters of the TL 

model using independent information and analysed a large quantity of data of different solids, 

suspended in various electrolytes. They suggested to measure the quantity of surface sites, Ns, 

by the tritium exchange technique and not using the potentiometric titrations. From the 

potentiometric titrations they used only the value for the point of zero charge, whereas for the 

determination of pKa1,2, they used a method based on the Born solvation theory previously 
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proposed by James and Healy (1972) and the electrostatic theory by Parks (1965). Finally, 

they suggested fixing the capacitance of the external layer, C2 in 0.2 F·m
-2

. With this 

methodology, they obtain a reduction of the number of fit parameters to three (C1, KX- y KY+) 

improving the reliability of determination of parameters from numerical optimisation.  

Reactions K(app) K(intr) 

𝑆𝑂𝐻2
+ ↔ 𝑆𝑂𝐻 + 𝐻+ 

𝐾𝑎1 =
{𝑆𝑂𝐻}[𝐻+] 

{𝑆𝑂𝐻2
+}

 𝐾𝑎1
𝑖𝑛𝑡𝑟 = 𝐾𝑎1 · exp (−

𝑒 ·0
𝑘𝐵 · 𝑇

) 

𝑆𝑂𝐻 ↔ 𝑆𝑂− + 𝐻+ 
𝐾𝑎2 =

{𝑆𝑂−}[𝐻+] 

{𝑆𝑂𝐻}
 𝐾𝑎2

𝑖𝑛𝑡𝑟 = 𝐾𝑎2 · exp (−
𝑒 ·0
𝑘𝐵 · 𝑇

) 

𝑆𝑂𝐻2𝑋 ↔ 𝑆𝑂𝐻 +𝐻+ + 𝑋− 
𝐾𝑋− =

{𝑆𝑂𝐻}[𝑋−][𝐻+] 

{𝑆𝑂𝐻2𝑋}
 𝐾𝑋−

𝑖𝑛𝑡𝑟 = 𝐾𝑋− · exp (−
𝑒 · ( −0)

𝑘𝐵 · 𝑇
) 

𝑆𝑂𝐻+ 𝑌+ ↔ 𝑆𝑂𝑌 + 𝐻+ 
𝐾𝑌+ =

{𝑆𝑂𝑌}[𝐻+] 

{𝑆𝑂𝐻}[𝑌+]
 𝐾𝑌+

𝑖𝑛𝑡𝑟 = 𝐾𝑌+ · exp (−
𝑒 · ( −0)

𝑘𝐵 · 𝑇
) 

Charge in plane 0, 0 0 = 𝐵 · ([𝑆𝑂𝐻2
+] + [𝑆𝑂𝐻2𝑋] − [𝑆𝑂

−] − [𝑆𝑂𝑌]) 

Charge in plane , 𝛽 𝛽 = 𝐵 · ([𝑆𝑂𝑌] − [𝑆𝑂𝐻2𝑋]) 

Charge in the diffuse layer  
𝜎𝑑 = −√8𝜀𝜀0𝑅𝑇𝐼 · 𝑠𝑖𝑛ℎ (

𝐹𝑑
2𝑅𝑇

) 

Electroneutrality 0 + 𝛽 + 𝑑 = 0 

Capacitance (between plane 0 y ), C1  𝐶1 =
0

0 −

 

Capacitance (between plane  y d), C2 𝐶2 =
𝑑

𝑑 −

 

Surface sites balance 𝑁𝑠 = [𝑆𝑂𝐻] + [𝑆𝑂
−] + [𝑆𝑂𝐻2

+] + [𝑆𝑂𝑌] + [𝑆𝑂𝐻2𝑋] 

Fit Parameters Ka1, Ka2, 𝐾𝑌+, 𝐾𝑋−,Ns, C1, C2 

Comments  The value of the C2 capacitance is often fixed to 0.2 F·m-2 

 

Table 3. Reactions and parameters needed to define the solid surface with Triple Layer 

Model 

The TL model has often been applied for the analysis of sorption studies in several different 

types of minerals (Hsi & Langmuir, 1985; Zachara et al., 1987; Zhang & Sparks, 1990; 

Villalobos & Leckie, 2001; Zhang et al., 2004; Goldberg, 2013; Sun et al., 2014). James and 

Parks (1982) analysed the application of the TL model to clayey materials. The TC model has 

been recently used to describe the surface properties of smectites (Leroy & Revil (2004); 

Leroy et al., 2015). 
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8.6 OTHER MODELS 

8.6.1 CD-MUSIC MODEL 

The CD-MUSIC model (Hiemstra et al., 1989 a and b, Hiemstra & van Riemsdijk, 1996) 

represents an alternative approximation to the classic surface complexation models and 

combines the thermodynamic and electrostatic description with structural and crystallographic 

information.  

The model is based in a description of the electrical double layer with three planes, similar to 

that of TL model: the plane of the surface (0 plane), plane 1 and plane 2 which delimitate the 

Helmholtz layers and the diffuse layer.  

However, important differences to the previously described models exist, especially in respect 

to the definition of the acid base properties of surface sites, the location of ions and the charge 

distribution (Tadanier & Eick, 2002). 

The reactivity of surface sites can be determined, starting from mineralogical and 

spectroscopic analyses. Their reactivity varies depending the crystalline structure of the 

minerals and on the surrounding ions, that establish the coordination environment. In the 

specific case of a goethite, sketched in Figure 16, the hydroxyls groups, can be coordinated 

with iron (Fe
3+

) through their oxygen in three different ways: by single, double or triple 

coordination.  

 

Figure 16. Charge of the surface functional groups coordinated in a simple, double and triple 

way in a goethite, following Pauling´s rules. Iron is coordinated in a octahedral form (Figure 

modified from Tadaniek & Eick, (2001) 
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To maintain the electroneutrality of the system it is necessary that the charge of the cation 

(Fe) is balanced by the oxygens. Applying the Pauling’s rules to the structure of the goethite, 

surface site may result with a non-entire charge. 

In fact, three different groups can exist: >FeOH
1/2-

 (simple coordination); >Fe2OH
0 

(double 

coordination) and >Fe3OH
1/2-. 

(triple coordination). An example of these surface functional 

groups can be seen in Figure 16. 

These functional groups have a different affinity for protons, and this implies a different way 

to determine the acid-base properties of the solid. The MUSIC model (Hiemstra et al., 1996) 

allows calculating these affinities. From this model, is obtained that the doubly coordinated 

site (>Fe2OH
0
) can be considered as inert, whereas the reactions of protonation of the other 

two sites (>FeOH
1/2-

y >Fe3OH
1/2-

 ) have a constant (logKa) of 9.2 (Tadanier & Eick, 2002). 

This model may account for the complexation of the electrolyte ions and for inner sphere and 

outer sphere complexes. Protonated oxygens are in the plane of the surface; the specifically 

adsorbed ions are located between the plane 1 and 2; electrolyte and other not specifically 

adsorbed ions are located in plane 2.  

Furthermore, in this model the ions are not considered as punctual charges, but they produce a 

distribution of spatial charge which is different for inner sphere or outer sphere complexes. 

The CD-MUSIC model takes advantage by minerals crystallographic information also to 

determine the quantity of adsorption sites. The contribution of a surface functional group 

depends on the crystallographic plane in which is located (Tadanier & Eick, 2002).  

Reaction K(app) 

𝑆𝑂𝐻2
+ ↔ 𝑆𝑂𝐻 + 𝐻+ 

𝐾𝑎1 =
{𝑆𝑂𝐻}[𝐻+] 

{𝑆𝑂𝐻2
+}

 

𝑆𝑂𝐻 ↔ 𝑆𝑂− + 𝐻+ 
𝐾𝑎2 =

{𝑆𝑂−}[𝐻+] 

{𝑆𝑂𝐻}
 

Surface charge 0 0 = 𝐵 · ([𝑆𝑂𝐻2
+] − [𝑆𝑂−]) 

Surface sites balance 𝑁𝑠 = [𝑆𝑂𝐻] + [𝑆𝑂
−] + [𝑆𝑂𝐻2

+] 

Fit parameters Ka1, Ka2, Ns 

 

Table 4. Reactions and parameters needed to define the solid surface with the non-

electrostatic, NE, model 

Due to its structure, the contribution of the (110) plane to the overall surface of the particle is 

about a 90 % in contrast to the (021) plane which contributes only a 10 %. The location is 

expected to affect not only the quantity of sites, but also the affinity for the adsorbate. 
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This model has been used for the analysis of sorption data in different minerals and different 

contaminants (Antelo et al., 2010; Iglesias et al., 2010; Tian et al., 2017; Goli et al., 2011; 

Nie et al., 2017; Mayordomo et al., 2018).  

8.6.2 NON ELECTROSTATIC MODEL, NEM 

The non-electrostatic model, NEM, has been widely used for the analysis of sorption 

processes, for this reason it is worth to be mentioned. In this model is implicitly considered 

that the electrostatic contribution is negligible compared to the chemical one, and no 

electrostatic correction due to the electrical interface potential is needed. 

The surface charge can be still be represented by the difference in positively and negatively 

ionized surface sites and the number of surface site is equal to that already described for CC 

and DDL models. The number of fit parameters is only three as in the DDL model. 

The main reactions and parameters needed to describe the solid surface by the NEM are 

summarised in Table 4. 
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9 DETERMINATION OF PARAMETERS FOR THE 

APPLICATION OF SURFACE COMPLEXATION MODELS 

In the previous paragraphs, it has been shown as the description of the solid -liquid interface 

through the SCM needs the determination of several parameters; the equations defining the 

interactions between the solute and surface functional groups, leading to adsorption, will 

provide additional constants (the complexation constants, see 8.1) that must be determined. 

The more complex and detailed the model is, the greater the number of parameters to be 

determined.  

It is certainly appropriate, when it is possible, to obtain experimental supporting information, 

to decrease the number of parameters obtained by numerical fit and to strengthen the validity 

of the numerical procedure to determine the rest of parameters.  

Some of the magnitudes that appears in models´ description can be experimentally measured 

other can be estimated by theoretical analyses. In all the models, necessary parameters are the 

number of surface sites, Ns, (or their density which is function of the sorbent surface area, SA), 

and the protonation/deprotonation constants (Ka1 and Ka2). The solid surface area 0 is a 

fundamental magnitude, whose variation as a function of the pH and ionic strength should be 

studied before starting any adsorption study.  

In the following sections, the most classical methodologies to derive the parameters needed 

for most SCMs will be briefly mentioned. 

9.1 SURFACE AREA AND SURFACE SITES  

The adsorption capacity of a solid is directly related the number of surface sites (or 

coordination points, Ns) and to its specific surface area. The knowledge of these parameters is 

basic for the application of SCMs. 

The specific surface area (SA) represents the area on the adsorbent surface por mass of 

material and is expressed in [m
2
·g

-1
]; the knowledge of its value is important because it allows 

normalizing and comparing data from different materials and/or sources.  

The particle size of the adsorbent is an important parameter for the surface area. Assuming 

spherical particles of a diameter, d [nm], and being their density  [g·cm
-3

], the geometrical 

surface area (m
2
·g

-1
) can be approximated to the value given by the following formula:  

𝑆𝐴(𝑔𝑒𝑜𝑚) =
6000

𝜌𝑑
 Equation 38 

In general, the geometrical value is lower than the real one because it does not account for the 

porosity of the material and possible defects. 
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In the literature many methods were proposed for the determination of solids surface area and, 

depending on the applied methodology, the obtained values may vary even one order of 

magnitude. The most known method for specific surface area determination is that proposed 

by Brunauer, Emmett y Teller, BET, consisting of the analysis of a gas sorption isotherm 

(normally N2) obtained with a dried solid.  

In a clay material, however, this technique can only give the value for the “external surface” 

area (Kaufhold et al., 2010) because the N2 molecule is too big to enter in the interlaminar 

regions (Sparks, 2003).  

The total surface area can be determined also with other “wet” techniques, based on the 

adsorption of well-characterised organic molecules. A quite common method to determine 

clay surface area is the ethylene-glycol-monoethyl-ether (EGME) adsorption; the methylene 

blue can be also used. If the section of the adsorbate molecule and the maximum capacity of 

the solid are known, the surface area can be calculated. In the case of methylene blue, for 

example, the molecule can be approximated to a rectangular parallelepiped of 17.0 x 7.6 x 3.3 

Å; thus the projected area on the solid is approximately 130 - 135 Å
2
; value of area used to 

carry out calculations, considering that the maximum adsorption is reached with a monolayer 

of adsorbate.  

The concentration of surface sites can be obtained by potentiometric titrations, but also by 

crystallographic or spectroscopic techniques. 

In acid – base titration experiments, under extreme pH conditions, it can be assumed that all 

the sites are ionised, thus the maximum value of proton (hydroxyl) adsorption can be 

determined. In these regions the log(Ka1,a2) are mostly independent on the quantities of a 

added acid/base and this allows determining Ns. One problem related to this methodology, 

which gives only approximated estimations, is that the calculated valued may be biased by the 

ionic strength of supporting electrolyte and that the values obtained under acidic and basic 

conditions are not always the same.  

A recommended method for Ns determination in oxides is the tritium exchange a technique 

proposed since the middle sixties (Berubé et al., 1967; Onoda & de Bruyn, 1966; Yates and 

Healy, 1975). The technique basically consists on the exchange of the hydrogen of the surface 

functional groups >SOH, with that of the radioactive tritiated water, HTO. 

The coordination sites can be expressed in different units, but the most useful is to normalise 

them to the solid surface area [sites·nm
-2

].  

The change of units from sites·nm
-2

 to mol·L
-1

 is made knowing SA and the concentration of 

solid Cs (g·L
-1

): 

 𝑁𝑠 (
𝑚𝑜𝑙

𝐿
) =

𝑁𝑠(
𝑠𝑖𝑡𝑒𝑠

𝑛𝑚2
)

𝑁𝐴(
𝑠𝑖𝑡𝑒𝑠

𝑚𝑜𝑙
)
· 1018 (

𝑛𝑚2

𝑚2
) · 𝑆𝐴 (

𝑚2

𝑔
) · 𝐶𝑠(

𝑔

𝐿
)· 
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To favour the comparison of sorption data and complexation constants obtained from 

different source (and materials) it has been suggested to use a unique value for the adsorption 

site density.  

Dzombak and Morel (1990) and Davis and Kent (1990) suggested the value of 2.31 sites·nm
-2

 

(3.84 mol·m
-2

), for most of natural materials. 

Kulik (2002) introduced the definition of a standard state for a surface specie, to describe the 

reference for comparison of different authors data. To this scope also defined a reference 

value for Ns (12.05 sites·nm
-2

) and the conversion between the constants conventionally 

obtained and the reference state is given by (Richter et al., 2005): 

 )(refs

S
REF

N

N
LogLogKLogK 

 

In many cases, it is considered that the surface functional groups are homogeneous (all of the 

same type) and in this case the models will consider only one adsorption site (1-site model).  

In 1-site models, the possible differences in the reactivity are averaged when the surface 

complexation constants are determined. In the reality, in the same material, it is probable that 

different adsorption sites exist. In multi-sites models, the characteristics of each adsorption 

site must be investigated and for each of them different complexation reactions can be 

established. It is very frequent the use of two-sites models.  

In two-sites models, the contribution of sites with low capacity and high affinity (strong sites) 

and others with high capacity and lower affinity (weak) sites is usually defined. The total 

number of sites is then: NS=NS,weak+NS, strong. 

9.2 CATION EXCHANGE CAPACITY 

The cation exchange capacity, CEC, is the maximum capacity of a solid to adsorb ions by the 

cationic exchange mechanism. This is a very important parameters for clayey materials and in 

all those materials for which the main adsorption mechanism is the cationic exchange.  

The CEC of a mineral can be determined by adsorbing, up to the saturation of sorption sites, a 

highly selective (index) cation and then to displace it with another cation to determine the 

maximum adsorbed quantity. Some of the product used to apply this methodology are 

ammonium acetate, barium chloride or cesium nitrate.  

Alternative techniques based on dye or copper complexes as, for example [Cu(trien)]
2+

, by 

using photometric techniques were also proposed (Meier y Kahr, 1999; Amman et al., 2005).  

The results obtained by different technique may give rise to different values, for this reason it 

is very important to fix the initial conditions (for example pH), and to evaluate for each 

mineral all the occurrences that could bias experimental data, for example the presence of 

soluble minerals (Dohrmann, 2006). 
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9.3 SURFACE CHARGE AND POTENTIAL  

The measurement of the surface charge of a dispersed solid is determined mainly by two 

techniques the potentiometric titrations and the electrophoresis. The surface charge, 0, is 

measured by potentiometric titration whereas the -potential (zetapotential) is calculated upon 

the measurement of the electrophoretic mobility (Hunter, 1981).  

It is useful to determine the surface charge as a function of the pH and ionic strength of the 

aqueous media, to measure the point of zero charge, PZC, of the solid and the constants of the 

acid-base equilibria, needed for the application of the SCM.  

9.3.1 ELECTROPHORESIS: -POTENTIAL 

Electrophoretic measurements are based on the fact that the charged particles suspended in a 

fluid, under an electric field, move in a direction or another depending on their surface charge. 

Positively charged particles move towards the negative pole and negatively charged ones 

towards the positive pole. Additionally, the velocity reached by the particles in an electric 

field, E, may be estimated considering the Stokes’ Law: 

𝑣 =
𝑞·𝐸

6·𝜋·𝑎·
  Equation 39 

The velocity, v, depends on the properties of the particles charge, q, and radius, a, assuming 

that they are spherical and also by the viscosity of the fluid, .  

In the electrophoretic tests the experimental magnitude to be measured is the electrophoretic 

mobility of the particles () defined as the velocity reached for unity of applied electric field: 

=v/E, parameter that obviously depends on size and charge of the particles.  

As schematically shown in Figure 17, the charge of the particles generates an electrical 

potential at the interface, which can be estimated in an approximate way.  

The particles moving in a fluid are surrounded by a layer of fluid bond to the surface which 

also move together with the particles (Figure 17). The ideal plane that limits the part of the 

fluid moving with the particle is called slipping plane. The -potential, is defined as the 

potential in correspondence to the slipping plane.  

To determine the -potential from the electrokinetic mobility the following relation (Hückel 

equation): 

𝜇 =
2

3

𝜀0𝜀𝑟

𝜂
·  · 𝑓(·a) Equation 40  

being 1/ the Debye length defined in Eq.30.  
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Figure 17. Electrified surface of the solid and the slipping plane. The -potential is the 

electrical potential measured at this plane. 

The function f(a), or Hückel function, depends on the characteristics of the fluid and its ionic 

strength and on the size of the particles. Its value ranges from 1 to 1.5. 
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Figure 18. Examples of the -potential of an oxide (alumina) and a clay (smectite) as a function 

of pH and I=1·10
-3

 M in NaClO4. 
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Most of the measurements with natural particles are carried out in aqueous media with a 

medium-low ionic strength. In this case, the value of f(a), can be taken as 1.5, that represents 

the Smoluchowski approximation (Delgado et al., 2007). The value of -potential is 

approximated because f(a) is not always measurable and because the dielectric constant or 

the fluid viscosity in the vicinity of the particle surface are not well known.  

In addition, as the position of the slipping plane is not known, the -potential is not 

necessarily equivalent to the surface potential 0 or the diffuse potential d. Nevertheless, for 

the DDL model the potential d is often assimilated to the -potential (Sprycha and Szczypa, 

1984; Sprycha, 1989; Delgado et al., 2007). 

-potential measurements are very useful to determine the isoelectric point, IEP, of the solids. 

The IEP is the pH in which the -potential is null. At this pH, the particles which have no 

charge are not perturbed by the presence of an electric field.  

As the -potential is measured at the slipping plane, which is located in a region more external 

in respect to the Surface (plane 0), the IEP represents the condition in which the charge from 

H
+
 and OH

-
 (IDP) plus all the ions adsorbed in the region between the plane 0 and the 

slipping plane is null. If specific adsorption exists, the IEP changes. If an anion is adsorbed 

the PIE will be lower (more acidic pH) whereas if a cation is adsorbed it is necessary to 

adsorb more OH
-
, thus a more elevated pH to balance the additional positive charge.  

Figure 18 shows an example of -potential measurements for an oxide (alumina) and a 

smectite clay (smectite) as a function of pH in NaClO4 at I=1·10
-1

 M. It can be clearly 

observed that the potential of the oxide decreases with increasing the pH and its signs varies 

according to the protonation / deprotonation of surface sites. The IEP of this oxide is 

approximately pH= 8-8.5.  

The smectite clay has a predominating structural negative charge and its potential is negative 

and approximately constant in the entire range of pH.  

9.3.2 ACID BASE TITRATIONS: SURFACE CHARGE 

Acid -base titration are very useful for the determination of the surface charge, the point of 

zero charge, PZC, and the protonation/deprotonation constants for the minerals having 

variable charge. Titration experiments are relatively easy, that’s why, is recommendable 

performing them before adsorption tests, for a better adsorbent characterisation. The 

combination of potentiometric and electrokinetic data reinforces the basis for the selection of 

the parameters of surface complexation models. 

In the literature, data bases with the PZC of many minerals exist (Komulski, 2018), including 

the information on the methods for their determination. Sverjensky (1994) proposed a 

methodology to determine the points of zero charge starting from crystallographic data and 

solvation theory.  
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Different methods based on potentiometric acid-base titration are available, and they are 

selected depending on the material to be evaluated (Schulthess & Sparks, 1986). 

 “Rapid” and continuous titrations are carried out by adding to a solid, suspended in a 

electrolyte, known amounts of acid or base at intervals of few minutes and measuring the 

obtained pH. Before starting the titrations, the solid should be washed with acid/ base and 

deionised water (DW), trying to get rid of eventual impurities (Davies et al., 1978). The solid 

should be then freeze-dried and stored in absence of CO2. All the steps of titration 

experiments should be carried out in absence of CO2, for example, in a glove box or bubbling 

N2, because the adsorption of carbonates, affects the surface properties of some solids.  

To start with the rapid titrations, the solids are suspended in CO2-free water. Secondly, an 

(inert) electrolyte is added, for example NaClO4 of analytical grade, to adjust the ionic 

strength to the minimum value of interest (for example, I=1·10
-3

 M). Then a known quantity 

of the acid is added to shift the pH to an arbitrary low value (for example, 3, or at least 2 unit 

less than the expected PZC). From this point, small quantities of the base are added, waiting 

from 2 and 5 minutes from an addition to another. When the highest pH is reached, an inverse 

titration is carried out to come back to the initial pH value. To minimize the dissolution of the 

solid, the more extreme values of pH should not to be <3 o >11. Once the initial pH is 

reached, it is possible to add new electrolyte and to repeat the experiment at a high ionic 

strength. 

To correctly evaluate the titration curves is necessary to repeat the test at least at three 

different ionic strengths. The pH of the solution is varied with acids (HCl, HClO4) or bases 

(NaOH) at a relatively high concentration ( 0.1 M) to decrease the added volume and not to 

vary the solid concentration or the ionic strength appreciably.  

The results of acid-base titrations consist of curves of pH as a function of the acid-base added 

concentrations. 

These curves can be explained consider the electroneutrality principle that must be valid at 

any point of the titration. The sum of the negative and positive charges must be always equal:  

(𝑂𝐻−) + (𝐶𝑙𝑂4
−) + (𝜎0

∗−) = (𝐻+) + (𝑁𝑎+) + (𝜎0
∗+)  Equation 41 

In Equation 42, (0
*+ 

) represents the positive or negative surface charge expressed in mol·L
-1

. 

The presence of sodium or perchlorate ions depends on the ionic strength of the electrolyte or 

the acid/base additions:  

(ClO4
-
) = (NaClO4)added + (HClO4)added   and  (Na

+
) = (NaClO4)added + (NaOH)added. 

Knowing that the net charge, 0
*
, is the difference between the positive and negative charge:  

0
*
 = [OH

-
] – [H

+
] + [ClO4

-
] – [Na

+
] = [OH

-
] – [H

+
] + [HClO4]added – [NaOH]added. 
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The formula can be generalised considering CA and CB as the concentration of the generic 

added acid and base concentration and then:  

0* (mol·L-1)= [OH-] – [H+] + CA-CB  Equation 42 

When the adsorbent concentration (S in g·L
-1

) is known the surface charge can be expresses in 

[mol·kg
-1

] (Q) using the relation: Q = 0
*
·S

-1
. 

Figure 19 shows the example of a potentiometric titration of an oxide suspended in NaClO4 at 

three different ionic strengths.  
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Figure 19. Example of titration data of an oxide in a electrolyte (NaClO4) at three different 

ionic strengths. S=20 g·L
-1

; Ns=10.8 mol·m
-2

 and SA=129 m
2
·g

-1
. 

The PZC of the solid is obtained measuring the relative surface charge as a function of the pH 

at different concentrations of an inert electrolyte. If the curves show a common intersection 

point this can be identified as the PZC, and the relative charge can be converted in absolute 

making the origin of the charge to coincide with the PZC (Schulthess and Sparks, 1986). 

From the data of Figure 19, the determined PZC is around pH 8.  

When a solid is suspended in various electrolytes and the same intersection point is obtained, 

it means that the electrolytes are effectively inert and that this intersection point is indeed the 

PZC (Liklema, 1984). If specific adsorption exists, the common intersection point is lower 

than the PZC in the case of cation adsorption, and higher than the PZC in the case of the 

adsorption of an anion. In fact, when a cation is specifically adsorbed, OH
-
 adsorption is 

favoured and to establish the equilibrium of the PZC (OH
-
= H

+ 
) a lower pH is necessary. 
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The PZC and IEP of a solid might not be exactly the same, because in fact the first is 

representative of the charge at the surface, whereas the latter of the charge at the slipping 

plane; nevertheless, in the absence of specific adsorption, they should be very similar.  

Rapid titrations provide reliable results for most oxyhydroxides, but in the case of complex 

materials (mineral mixture) as sediments or soils, may not be adequate. Above all when 

soluble trace minerals are present (as for example calcite or other carbonate) or when the 

kinetic to reach the solid-liquid equilibrium is slow, is difficult to interpret the curves 

obtained from these tests.  

The use of rapid titration implicitly assumes that the only mechanism generating consumption 

or liberation of H
+
 y OH

-
 are the protonation/ deprotonation reactions (Eq.17 and 18).  

In the case of more complex systems, other causes of H
+
 y OH

-
 consumption, as for example 

dissolution processes, must be considered, above all at extreme pH. For these cases, 

alternative methods to rapid titrations were proposed.  

A technique which is useful for clayey materials is the “batch” titration followed by a “back-

titration” (Schulthess and Sparks, 1986; Baeyens & Bradbury, 1995; Tournassat et al., 2004).  

In the batch-back titration different samples are prepared, each at one different pH, adding the 

needed quantities of acid or base. After the equilibration time (hours or days), in all the 

samples, the solid and the supernatant are separated. The liquid phase is the reference of the 

original suspension at each pH (not the single electrolyte). 

The back titration is carried out with the supernatant to establish the exact quantity of 

acid/base needed to return to the initial pH. The difference between the quantity initially 

added and the quantity added in the back titration gives the net value of acid/base consumed 

by the solid to generate the surface charge (H
+
).  

9.3.3 ACID – BASE DISSOCIATON CONSTANTS 

Potentiometric titrations are used also for the determination of the acid – base dissociation 

constants needed for calculating site speciation and the application of SCMs. These 

parameters can be obtained by the best fit of the titration curves. With the data presented in 

Figure 19, and using the DDL model, the best fit was obtained with the values for Ka1 and Ka2 

of 10
-6.1

 y 10
-9.7

 respectively. The number of sorption sites (10.8 mol·m
-2

) was known. The 

theoretical curve is plotted as a continuous line. Once the pKs are obtained (6.1 y 9.7) it is 

possible determining the theoretical point of zero charge from the relation: 𝑝𝐻𝑃𝑍𝐶 =

 
𝑝𝐾𝑎1+𝑝𝐾𝑎2

2
. The obtained value is 7.9, in perfect agreement with the experimental data. 

Numerical methods are suitable for determining these parameters from potentiometric 

titrations, however simplified methods must be mentioned, because they are important for the 

first analysis of experimental data.  
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Figure 20 shows the data of a titration experiment, performed with a solid (10 g·L
-1

) 

suspended in NaNO3, at a unique ionic strength (0.1 M). The concentration of surface sites of 

this solid is 1.3·10
-3

 mol·L
-1

. As shown in the Figure, the PCZ is between pH 6 and 7.  

As observed in the previous sections, the solid surface charge, Q (mol·g
-1

), is the difference 

between the positively and negatively charged sites 𝑄 =  {𝑆𝑂𝐻2
+} − {𝑆𝑂−}.  

Q can be expressed as: 𝑄 =
𝐶𝐴−𝐶𝐵+[𝑂𝐻

−]−[𝐻+]

𝑚
 with CA and CB the concentration of added 

acid/base (mol·L
-1

) and m the solid concentration (g·L
-1

).  
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Figure 20. Example of a titration curve of a solid (S=10 g·L
-1

 and Ns = 1.3·10
-3

 mol·L
-1

) 

suspended in NaNO3 0.1 M. 

 

Reaction Apparent equilibrium 

constant 

Approximation 

𝑆𝑂𝐻2
+ ↔ 𝑆𝑂𝐻 + 𝐻+ 

𝐾𝑎1 =
{𝑆𝑂𝐻}[𝐻+] 

{𝑆𝑂𝐻2
+}

 𝐾𝑎1 =
(𝑁𝑠 − 𝑄)[𝐻

+]

𝑄
 

𝑆𝑂𝐻 ↔ 𝑆𝑂− + 𝐻+ 
𝐾𝑎2 =

{𝑆𝑂−}[𝐻+] 

{𝑆𝑂𝐻}
 𝐾𝑎2 =

[𝐻+] · 𝑄

𝑁𝑠 − 𝑄
 

 

Table 5. Approximation for the calculation of the pK of protonation and deprotonation from 

the titration curves 
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The simplification is based on the relations summarised in  

Table 5, for titration data far enough from the PZC. In fact:  

1) If pH is << pHPZC, the charge is basically determined by {𝑆𝑂𝐻2
+} and surface sites 

can be written as: Ns = {SOH2
+
}+{SOH} 

2) If pH is >> pHPCC the charge is basically determined by {𝑆𝑂−} and surface sites can 

be written as: Ns = {SO
-
}+{SOH}. 

3) In the acid region the charge can be expressed as 𝑄 =
𝐶𝐴−[𝐻

+]

𝑆
 and in the basic 

region as 𝑄 =
[𝑂𝐻−]−𝐶𝐵

𝑆
.  

The equilibrium constant can be also simplified as indicated in Table 5. In these expressions, 

Q must always be taken as absolute value. The intrinsic constants of the 

protonation/deprotonation reactions can be obtained plotting pKa1 y pKa2 as a function of the 

surface charge Q, and extrapolating the values at null charge.  

Using titrations data of Figure 20 and simplifying the equation as indicated in Table 5, the 

plots of pKa1,a2 as a function of Q can be obtained, as shown in Figure 21 (a and b).  

The relation between the pKa12 and Q is a straight line, and it is straightforward to determine 

the intrinsic pKa value corresponding to null charge. 

In this case, the obtained values are pKa1 = 4.66 and pKa2 = 8.01. From the relation  

 𝑝𝐻𝑃𝑍𝐶 = 
𝑝𝐾𝑎1+𝑝𝐾𝑎2

2
, the theoretical PCZ is pH=6.34, which agrees with the data in Figure 20. 

The DDL model has three parameters: the pKa1,2 and the number of surface sites, Ns. The 

knowledge of these three parameters, allows determining the basic information to fully 

characterise the surface of the adsorbent. In particular, it is of interest the determination of 

surface sites speciation, as a function of the main chemical variables.  

Figure 22 shows the concentration of surface sites (neutral and positively and negatively 

charged) as a function of pH, of the solid which titration curves were presented in Figure 19, 

calculated by the DDL model. 
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Figure 21. Estimation of (a) pKa1 and (b) pKa2 using the titration data of Figure 19 and the approximations indicated in Table 5. 
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Figure 22. Speciation of the surface sites (neutral and negatively and positively charged) as a function of the pH, calculated with the DDL model and 

considering the data presented in Figure 18. Electrolyte: NaClO4 0.1 M 
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9.3.4 CAPACITANCES 

In the CC and TL model description of the solid-solution interface, electric capacitances are 

defined. In the CC model, the electrical double layer is represented as a flat capacitor with a 

capacity C, which represents the proportionality factor between the charge and the potential.  

In the TC model, in the inner and outer Helmholtz layers, the charge-potential relation is also 

linear, and two different capacitances C1 and C2, must be considered.  

Many uncertainties exist on the determination and selection of these capacitances (Westall 

and Hohl, 1980; Lützenkirchen, 1998, 1999) because the capacitances of the solid-solution 

interface cannot be directly measured. Recent studies indicate that techniques based on atomic 

force microscopy, electrochemical or colloid probe might be very promising for the 

experimental determination of the electrical double layer parameters (Nishimura et al., 2002; 

Smith et al., 2018). 

Due to these uncertainties and experimental limitations, the values of the capacitances have 

often been considered as adjustable parameters. 

For the application of the CC model in aluminium oxides Westall and Hohl (1980) 

recommended a value for C of 1.06 F·m
-2

. This value has been used in many studies and also 

for the application of the CC to clayey soils (Goldberg et al., 2000).  

In the TC model, the value of the capacitance of the external layer, C2, is often taken as  

0.2 F·m
-2

, on the basis of the experience obtained with Hg and AgI systems (Pieper and 

Vooys, 1974; Stumm et al., 1970) and because this value provided a good agreement with 

electrokinetic (-potential) data.  

In the absence of additional available data, Hayes et al. (1991) suggested for C1, a value of 

0.8 F·m
-2

. It can be considered that the inner capacitance is related to the distance between the 

plane 0 and the plane  i.e. 𝐶1 =
0·𝜀𝑟

𝛽
. 

Given physically acceptable values for r in the double layer (6-50) and considering that , 

corresponds to the distance of closest approach of hydrated ions (2.3 - 4.3 A), C1 should not 

be outside the range of 0.1 to 2 F·m
-2

 (Hayes et al., 1991). This should be accounted for when 

the capacitance values are obtained by numerical fit.  

Sahai and Sverjenski (1997a,b) and Sverjenski (2001) observed that the capacitances depend 

on the size of the electrolyte ion and that it is possible to determine a theoretical relation 

between the capacitance, the type of solid and the electrolyte. The application of these 

theoretical principles to the selection of C1, significantly contributed to the applicability of the 

TL model and to the reduction of the number of its adjustable parameters.  
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10 NUMERICAL ANALYSIS AND GEOCHEMICAL CODES. 

For the analysis of the experimental sorption data, different approaches can be used, from 

simply quantitative, to the application of sorption isotherms or mechanistic models. In the 

case of the use of sorption isotherm models, one or more parameter must be determined. In 

most cases, the equations of the adsorption isotherms can be linearized, and their parameters 

found by simple linear regression. When this is not feasible, it is necessary to determine the 

unknown magnitude by adjusting the theoretical (calculated) curve to the experimental one by 

numerical methods. The same occurs for the parameters of surface complexation models. 

To apply numerical procedure for data adjustment, different error functions can be used; they 

must be minimised to make sure that the “best fit” of the data is obtained. 

Amongst these error functions, the most used is the sum of squared differences between the 

measured quantity (xme) and the calculated one (xcal): 

∑ (𝑥𝑚𝑒 − 𝑥𝑐𝑎𝑙)𝑖
2𝑛

𝑖=1  Equation 43 

Another common test to evaluate the goodness of a fit is the Chi-Square test (
2
).  

∑
(𝑥𝑖,𝑐𝑎𝑙−𝑥𝑖,𝑚𝑒)

2

𝑥𝑖,𝑚𝑒

𝑛
𝑖=1  Equation 44 

No more details will be given on the methodologies to obtain the best adjust of experimental 

data, as all these calculations can be automatically carried out in common programs as 

EXCEL or ORIGIN. 

In an analogous manner, numerical optimisation can be used for the obtention of the 

complexation constants obtained with SCMs (Dzombak and Morel, 1990; Hayes et al., 1991). 

Some geochemical codes (p.e. MINEQL, MINTEQ, FITEQL) incorporate routines for the 

numerical optimisation of SMC adjustable parameters.  

Many other geochemical codes as PhreeqC (Parkruhst & Appelo, 2013), CHESS (van der Lee 

& de Windt, 2002) or Geochemist’s Workbench (Betke & Yeakel, 2014)) exist. Some do not 

have algorithms for the numerical optimisation; nevertheless, they allow calculating the main 

important magnitude of the SCM (surface charge, concentration of retained and aqueous 

species, solubility products, saturation indexes, etc.,). The calculated values can be compared 

with the experimental ones in a reiterative form, changing model parameters to find the best 

data fit.  

In these trial and error procedures, Equations 43 and 44 or similar, are adequate to minimize 

the error in the parameter estimations. Furthermore, it is very important to carry out 

sensitivity analyses for all the parameters to be determined.  

The main advantage of the geochemical codes is that they can incorporate thermodynamic 

databases for all the elements of interest and include the chemical equilibria of different 
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species accounting for the complete chemistry of the system. This is a quite appreciable 

advantage and facilitates the analysis of sorption processes within more chemically complex 

systems. 

Indeed, geochemical and thermodynamic modelling is a very powerful tool, but its validity 

depends on many factors, amongst which the accuracy of the thermodynamic data bases 

employed for calculations. These databases are under continuous evolution, to support 

modelling in many contexts of application.  

The OECD-NEA, through different phases of the project Thermochemical Database, TDB, 

Project, encouraged the creation of thermodynamic databases for radioactive elements, which 

is of special interest within the frame of radioactive waste disposals. 

Many of the most important agencies for the radioactive waste management and associated 

research groups have carried out specific studies to provide reliable and coherent data for the 

compilation of these databases (Grivé et al., 2014; Giffaut et al., 2014). 
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11 ADSORPTION STUDIES IN COMPLEX MATERIALS  

Many studies have been published in the past on the application of SCMs on pure minerals of 

different nature and considering relatively simple chemical conditions. Nevertheless, 

mechanistic studies to understand retention processes in complex systems are still rare.  

Payne et al. (2013) published a very interesting paper on the guidelines for the application of 

SCMs to complex systems, focusing their attention on the context of radioactive waste 

disposals. The possible radionuclide migration in these systems represents a critical safety 

problem and the associated risks must be evaluated in detail.  

In performance assessment of waste disposals, the principal magnitudes used to account for 

migration/retention are solubility products, effective diffusion coefficients and distribution 

coefficients of the radionuclides. The values used as input data for transport codes, are usually 

obtained under site-specific conditions. As already mentioned, a calculation based on a single 

value (o range of values) cannot not predictive of the system behaviour under different 

conditions. To provide more strength to performance assessment evaluations, Payne et al. 

(2013) recommended to implement mechanistic approximations. The application of 

thermodynamic models can be very useful to improve these evaluations, providing the 

knowledge for the (justified) selection of the input values range and evidencing gaps existing 

in the understanding of underlying phenomena or in databases and providing the theoretical 

basis for the selection of transport parameters used as an input of performance assessment 

calculations. 

For the interpretation of contaminant retention/migration processes in real systems, it is 

necessary to develop models with a reasonable level of complexity, making the unavoidable 

simplifications, when needed but always properly justified. The main model objectives must 

be well-defined, and all the most relevant decisions must be perfectly documented and 

supported by experiments.  

The application of SCM to real systems implies a large experimental effort, to obtain all the 

complementary information needed. The detailed comprehension of the water chemistry in 

contact with the solid and of the adsorbent characteristic is necessary, as well as figuring out 

how to deal with their heterogeneity and variability with time. 

11.1 ANALYSIS OF THE AQUEOUS PHASES 

The knowledge of the aqueous chemistry is necessary to analyse the speciation of the 

contaminant, determinant in adsorption processes. 

As a simple example, Figure 23 shows the speciation of strontium ([Sr]=1·10
-6

 M) as a 

function of the pH in two solutions at the same ionic strength (I=0.1 M): NaClO4 (Figure 23 

a) and NaHCO3 (Figure 23b). In NaClO4, the predominant species of Sr is always the divalent 

cation Sr
2+

; the formation of the specie Sr(OH)
+
, is appreciable only under alkaline pH.  
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Figure 23. Aqueous speciation of strontium ([Sr]=1·10
-6

 M) as a function of the pH in (a) 

NaClO4 0.1 M and (b) NaHCO3 0.1 M. 

In NaHCO3, the Sr
2+

 is still the predominant specie up to pH 9, but under neutral alkaline 

conditions, the carbonate-Sr species cannot be neglected. After pH 9, the precipitation of the 

solid strontianite (SrCO3) is observed; this is relevant as precipitation may affect the overall 

retention of Sr. It is evident that a different aqueous speciation will have a role on the 

formation of Sr surface complexes.  
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Figure 24. Example of the competence of the ions Ca, K and NH4 in Cs ([Cs]=1·10
-8

 M) 

adsorption in a clay material. The main background electrolyte is NaClO4 1·10
-2

 M. (From 

Missana et al., 2014b) 

The presence of different ions in the electrolyte may not only affect the speciation of the 

adsorbate, but directly its retention, through competitive phenomena. Some ions in solution 

can be competitive with the contaminants for the same adsorption sites, and the resulting 

effect is in general a decreasing of contaminant retention.  

Figure 24 shows the effect produced by the ions Ca, K y NH4 on Cs adsorption in a clay 

(mixed smectite-illite). As far as the concentration of the competitive ion increases, the 

distribution coefficient of Cs decreases. In particular, in this system that the effect produced 

by potassium and ammonium is more pronounced than that induced by calcium. The 

competitive effects are specific for each contaminant, depend on the chemistry of the system 

and must be analysed in an independent form.  

The detailed study of the aqueous phase has as main objective to evaluate any possible factor 

increasing pollutant mobility in the environment. Amongst the undisputed items that can be 

detrimental for contaminant retention organics and colloids can be found.  

Natural and/or anthropogenic organic compounds can form very strong aqueous complex 

with the contaminant stabilising them in the aqueous phase or interacts with the solid surfaces 

and affecting the overall distribution of the pollutant between the solid and the liquid phase 

(Tipping, 2002; Keith-Roach, 2008; Felipe-Sotelo et al., 2015). 
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Figure 25. Aqueous speciation of the uranyl ([UO2
2+

]=1·10
-8

 M) as a function of the pH in 

NaClO4 0.1 M (a) without y (b) with EDTA (1·10
-6

 M). 

Figure 25 shows a simple example of the aqueous speciation of uranium (VI) ion in a solution 

of NaClO4 (0.1 M) in absence (Figure 25a) and in the presence (Figura 25b) of the etilen-

dyamine-tetraacetic acid, EDTA (1·10
-6

 M). The EDTA is a very effective chelant and it is 

widely used in decontamination processes, including nuclear installations. Figure 25 shows 

that the presence of the EDTA has a role on UO2
2+

 speciation, especially in the region 

between pH 4 and 8, where two aqueous species in which EDTA and uranium are coordinated 

exist.  
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To understand the overall role of the organic on the uranium retention is necessary to study 

the thermodynamic characteristics of the organic-contaminant species and their capacity of 

interacting with the solid surface. The importance of developing detailed thermodynamic 

database for organic and RN (or other pollutant) complexes must be pointed out.  

The importance of organic ligands on radionuclide migration will depend on the source of the 

organic (type and concentration) and on the type of surrounding materials, that will provide 

the physicochemical conditions of the environment (pH, ionic strength, type of solute ions). 

This means that the results are site-specific and for this reason, a mechanistic comprehension 

is necessary that can be extrapolated to any scenario.  

Another issue worth to be mentioned for its role on contaminant migration, is the presence of 

colloidal particles. Colloids are particle with a size lower than 1 m, suspended in a fluid, 

having a very large surface area in respect to their mass, surface phenomena predominate and 

control their behaviour. They have a surface charge controlling their stability, their deposition 

in surrounding media and their sorption capability. Colloid can constitute a mobile or 

immobile phase depending on their nature and the specific chemical environment, but if 

colloids are mobile, the contaminants adsorbed on them are also mobiles. 

Basically, colloid can be important, as additional migration mechanism, only if several 

conditions, schematically represented in Figure 26 are fulfilled.  

 

 

Figure 26. Schematic diagram indicating which are the conditions to be fulfilled to assess the 

importance of colloids in radionuclides migration.  
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Figure 27. Breakthrough curves of Eu(III) at different water flow rates, in the presence of 

smectite clay colloids. The elution of Eu without colloids was null at any flow. (Missana et al. 

2008) 

As can be seen in Figure 26, the existence, stability and mobility of the colloids are the first 

issues to be evaluated. Following the schematic of Figure 26, the sorption and the 

irreversibility of the sorption of radionuclides onto colloids have to be studied in order to 

verify the real importance in the radionuclide transport of these particles in a given 

environment. This means that it is necessary to evaluate the colloid concentration in the 

aqueous phase, to characterise their main properties (size and surface charge) and their 

variation chemistry varies. Additionally, it is necessary measure the sorption capability of the 

particles, in relation to the contaminant of interest, and to know if it is irreversible or not. If 

all the conditions specified in Figure 26 are fulfilled, colloids will be important in 

radionuclide migration, otherwise their importance may be negligible. 

Colloid-driven contaminant transport is a mechanism potentially very relevant for those 

elements that are barely mobile, as tri- and tetravalent actinides, as it was shown in the 

famous study carried out in the Nevada Test Site by Kersting et al., (1999). 

An example of the effect of colloid on contaminant migration is shown in Figure 27, where 

the breakthrough curve of europium within a granite column in the presence of smectite 

colloids is shown. Trivalent europium is a highly sorbing element, thus, when injected alone 

in the column its sorption onto the rock is so high that its elution cannot be observed at any 

water flow rate. Nevertheless, a small quantity of Eu come out from the column, in the 

presence of smectite colloids and at the same velocity as water. Smectite colloids were shown 

to be mobile in this system under high flow rates (Missana et al., 2008) and this is the reason 

why, part of the europium adsorbed onto these colloids eluted with them.  

Not only colloids naturally present in the water may be potential vectors for contaminant 

migration, but also those that can be generated within the waste disposals. In the case or 
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radioactive waste, colloids that can be formed by the alteration of the engineered barriers must 

be considered. As a consequence, the study of geochemical processes that can modify the 

properties of these materials and jeopardize the integrity of the system at a long-term is 

needed. Amongst these processes the corrosion of metallic containers, cement degradation 

and bentonite barriers erosion should be considered (Missana et al., 2011; Alonso et al. 2018; 

Missana et al., 2018).  

The exhaustive characterisation of the colloid properties, of the colloid-colloid, colloid-

contaminant and colloid-solid interactions is an essential topic of research and parallel to 

sorption studies, to evaluate contaminant migration in real systems. 

11.2 ANALYSIS OF THE SOLID PHASES 

For the global analysis of contaminant retention/migration, the possible relevance of the 

heterogeneity of sorbing materials must be considered; in fact, natural materials may provide 

a large variety of surface sites with different characteristics and reactivity. 

To account for the heterogeneity, for the application of surface complexation models to 

complex systems, Davis et al. (1998) described two different types of approaches: additive 

and generalized composite approach.  

The first approximation considers that a complex solid is formed by different minerals, each 

one with different sorption properties, and that the overall adsorption in the solid depends in 

an additive way on the contribution of each single mineral. The second approximation 

assumes that the complex material can be characterised in general terms, without going in 

depth on its real nature.  

For the application of SCMs, it is necessary to know some important parameter of the solid 

as, for instance, the quantity of surface functional groups or the surface area. Depending on 

the selected approach (additive or generalised composite), the determination of the parameters 

is done in a different manner. In the additive approach, the solid has to be exhaustively 

characterised, determining which are the main adsorptive minerals, their quantity and to 

analyse the physicochemical characteristics of each one. In the case of generalised composite 

approach, the mean properties of the (unique) material will be considered. The choice of one 

approximation or another also implies different way of defining the surface functional groups. 

In the additive approach, all the identified minerals have their own sites and sorption 

mechanism; in the generalised composite, generic sites where complexation occur will be 

defined. Several authors suggested to use the value of 3.84 mol·m
-2

 (2.31 sites·nm
-2

) for 

representing the site density of many natural materials.  

The main advantage of the generalised composite is that requires little information on the 

sorbent materials, however, even this methodology can be sometimes useful to obtain a 

general information of the studied system, this still remains an empirical methodology.  
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The additive approach needs much more experimental information, but the sorption properties 

of the systems are analysed in depth through the analysis of any single mineral component. 

This clearly favours the application of SCMs and the mechanistic interpretation of data. 
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Figure 28. Selenite sorption ([Se]=4·10
-10

 M) as a function of in (a) Na-smectite; (b) Na-illite 

and (c) in mixed clays with different proportion of both clays. Data and model by Missana et al. 

(2009). 
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These two above-described methodologies can be compared to the concepts of top top-down 

and bottom-up for the description of complex systems. Basically, in the first one, a general 

first description of the system is done, which is eventually refined until obtaining a reasonable 

fit of the experimental data. The bottom-up concept needs the previous knowledge of the 

main variables influencing the behaviour of the system: all the different individual elements 

are identified and linked together until the experimental data are adequately described. The 

bottom-up concept is more adequate for the development of predictive models, because 

entails the knowledge of all the involved actors. The most delicate work in this direction is 

precisely the identification of the essential elements and decision-making on the possible 

simplifications.  

A simple application of the bottom-up approach for the modelling of selenite adsorption in 

clayey materials is shown in Figure 28 (Missana et al., 2009). Figure 28(a) shows data for the 

selenite adsorption as a function of pH in Na-smectite suspended in NaClO4 at different ionic 

strengths and the best fit of the data obtained using a non-electrostatic model. Figure 28(b) 

shows data and modelling for selenite adsorption data in a Na-illite. Both materials were well-

characterised before starting sorption tests.  

With the complexation constants obtained independently for the two minerals, it was possible 

to simulate selenite sorption data in two different mixed clays with smectite and illite in 

different proportions (70 - 30 and 43 - 57), assuming an additive model, as shown in Figure 

28(c). This type of approach is promising and can be extended to even more complex 

materials.  

In any case, it has to recognised that this approach might not be realistically applied to very 

complex rocks or to consolidated solids, also because the behaviour of some mixed system is 

not necessarily additive, in relation to its mineralogical composition. 

In some cases, the minerals may interact with each other, and some properties as the particle 

size or the surface area, very relevant adsorption processes, may be affected. For example, 

clay particles and oxides together, under certain chemical conditions, may suffer hetero-

aggregation processes (Mayordomo et al., 2017). 

11.3 DISPERSED AND CONSOLIDATED MATERIALS 

An especially interesting question for the description of real systems is related to the 

transferability of laboratory data obtained in powdered material (batch experiments) to 

compacted / consolidated systems (and to real systems). This topic is quite complex and 

involves questions related both to the experimental methodologies and to data interpretation. 

Most of the information on sorption is gathered through batch experiments, because this 

relatively simple, methodology allows investigating retention processes under a wide range of 

experimental conditions, which is basic for the development of mechanistic models.  

However, the “real” structure of the (consolidated/compacted) materials may influence the 

overall retention; for example, apart from adsorption, absorption and diffusion processes are 
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expected; additionally, the sorption sites accessibility or the electrical double layer structure 

in the porous surfaces might not be the same as in powdered materials, etc..  

When working with consolidated materials, firstly it has to be considered that the kinetics 

may play a very important role and that the time needed to reach the equilibrium may be 

extremely large for direct experimental evaluations, being necessary an evaluation of the 

experimental techniques.  

As an example, Figure 29 shows the comparison of the distribution coefficients obtained for 

cesium ([Cs]=1·10
-9

 M) in a granitic rock in the powdered material and in a small block of the 

same materials. In both cases, the water in contact with the solids was the same and the solid 

to liquid ratio very similar. In the powdered rock, the equilibrium was reached in a few days, 

whereas the distribution coefficient measured in the small block was still increasing after 

more than 300 days. Additionally, the Kd obtained in the crushed rock (140 g·mL
-1

) was 

almost one order of magnitude higher than the maximum obtained in the small piece of rock 

(33 g·mL
-1

).  

Indeed, this comparison might not be significative if the two values are not taken at the 

equilibrium. Nevertheless, this is a clear example of the potential problems that can be 

encountered when the data obtained in conventional sorption tests have to be extrapolated to 

compacted/consolidated materials.  

Apart from problems related to the attainment of the sorption equilibrium, several additional 

aspects have to be considered, especially those related to geochemical and physicochemical 

characteristics of the systems, that must be evaluated in detail. In this sense, geochemical and 

thermodynamic modelling are essential tools for a better comprehension of the underlying 

mechanisms.  

Typical tests to determine the transport/retention properties of compacted/consolidated 

materials are diffusion tests (García-Gutiérrez et al., 2006 a and b). Many diffusion data are 

available for the compacted bentonite, which is a very important material in the frame of 

high-level radioactive waste disposals. Effective and apparent diffusion coefficients, De, and, 

Da, are very important parameters in the safety assessment calculations. In fact, in compacted 

clays the radionuclide mobility is mainly controlled by diffusion retarded by sorption.  

The apparent diffusion coefficient Da, is given by the expression:  

𝐷𝑎 =
𝐷𝑒

𝜃+·𝐾𝑑
=
𝐷𝑒


 Equation 45 

The term  (capacity factor) is dimensionless. The capacity factor includes parameters 

defining the porous medium (porosity and density) and the distribution coefficient, Kd, which 

represent the (eventual) adsorption of the contaminant in solid. According to this relation, if 

the effective and apparent diffusion coefficients are known, the Kd of the contaminant can be 

calculated.  



72 

Nevertheless, when comparing the value of the Kd obtained with Equation 46, applied to the 

compacted system, and the measurement of the Kd obtained with the same material in batch 

experiments, it is possible to find a difference even of about one of two orders of magnitude, 

similarly to what occurred in the case explained in Figure 29.  
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Figure 29. Comparison between the distribution coefficients of Cs ([Cs]=1·10
-9

 M) in granite 

obtained with powdered solid (red line) and in a small block of rock (blue points).  

Trying to solve these (sometimes apparent) incongruences, it is fundamental to develop 

experimental methodologies that include different types of tests and experimental techniques. 

The models should integrate both macroscopic and microscopic concepts, to favour 

understanding of both sorption and diffusion results (Ochs et al., 2001; Tachi et al., 2014). 
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12 FINAL CONSIDERATIONS 

In this document the most important methods to carry out sorption studies have been 

described considering both practical and theoretical aspects.  

To analyse the sorption equilibrium in various systems, different types of models exist: some 

of them are semi-empirical (distribution coefficients or sorption isotherms); thermodynamic 

models are based in the concept of the electrical double layer, describing the solid-solution 

interface, and of surface complexation.  

Due to the complexity of natural systems, semi-empirical models have been (and still they 

are) widely used for the analysis of experimental sorption data in complex materials. The use 

of thermodynamic models for the analysis of the experimental data represents a very powerful 

tool to figure out sorption mechanism and, above all, they have the capacity of predicting 

them when the chemical conditions vary; thus, it is important to carry out efforts to make 

possible their application in various contexts. 

Surface complexation models must be based in a bottom-up approximation and in a solid 

experimental base, including the best as possible knowledge of the sorbing materials (type 

and quantity of surface sites, surface area, acidity constants., etc.). The knowledge of the real 

chemistry of the scenario in which contaminant are present and its possible evolution are 

essential for long-term predictions.  

To carry out a feasible analysis of sorption processes, it is necessary to design detailed 

experiments covering a wide range of experimental conditions and accounting for all the 

issues that can have a role on contaminant migration. The impact of the most important 

geochemical parameters, amongst which pH, ionic strength, contaminant concentration, 

presence of organic or inorganic ligands, of competitive ions, colloidal particles must be 

studied in a systematic way. 

Once the scenario is defined in detail, the most important factors will be selected to perform 

the necessary simplifications. Indeed, the mechanistic comprehension of the systems helps 

carrying out simplifications without a relevant loss of information. 

It is also important to implement possible strategies to decrease the number of adjustable 

parameters, when the surface complexation models are applied. Additional experimental 

information gives higher solidity to the modelling step. In particular, spectroscopic techniques 

represent a very important instrument for the identification of aqueous and surface complexes 

and an undisputable support to the development of sorption models. The validity of a sorption 

model does not depend exclusively on its capability of simulation a single set of data, but on 

its capability of explain different magnitudes obtained with different type of experimental 

methods; for this reason, it is extremely important to obtain data from independent sources.  

Finally, it must be pointed out that the main objective of the modelling is not the attainment of 

a set of parameters providing a nice fit of the experimental data, else it must be applied as a 

support for a better knowledge of the sorption mechanisms. It has to be considered that the set 
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of parameters obtained for the “data fit” is not necessarily unique, being this one of the main 

problems related to the application of surface complexation models.  

The application of thermodynamic models to real systems is still a challenge, even if the 

existence of modern geochemical codes and the development of detailed and reliable 

thermodynamic database improves continuously and significantly the modelling tasks, and the 

consequent inclusion of surface complexation models in transport codes.  
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13 SIMBOLS AND CONSTANTS 

Símbol Constant Value Unit Observations 

e Electron charge 1.6·10-19 [C]  

T Absolute Temperature   [K]  

NA Avogadro’s number 6.02·1023· [at]·[mol-1]  

kB Boltzmann constant 1.38·10-23  [J]·[K-1]·[mol-1]  

F Faraday constant 96,485  [C]·[mol-1] F=NA·e 

R Gas contant 8.31  [J]·[K-1]·[mol-1] R = NA·kB 

0 Vacuum dielectric contant 8.85·10-12  [F·m-1] [F]=[C2]·[J-1] 

r Relative dielectricc 

constant  
78.54 adim. Water 

 Dielectric contsnt  [F·m-1] =r·0 

 Bulk density  [Kg]·[m-3]  

 Viscosity 0.1 [Pa]·[s] Water 

𝜽 Porosity    

v Velocity  [m]·[s-1]  

A Section. Área  [m2]  

I Ionic strenght  [mol]·[L-1] 0.5 ·∑𝑐 · 𝑧2 
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Símbol Constant Value Unit Observations 

z Ion charge  Entire number  

SA Surface area  [m2]·[Kg-1]  

S Solid to liquid ratio  [Kg]·[L-1]  

CEC Cation Exchange capacity  [eq]·[Kg-1]  

0 Surface charge density   [C]·[m-2]  

𝜞 Volumetric Surface charge   [C]·[m-3]  

 Zetapotential  [V]  

0 Surface potential  [V]  

C, C1, C2 Capacitances   [F][m-2] [F] = [C][V-1] 
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