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Preface

In ���� the OECD Nuclear Energy Agency published the �rst volume �Chemical Thermo�

dynamics of Uranium ���GRE�FUG�� in a series of critical reviews of thermodynamic data
of elements of particular importance for the safety assessment of nuclear waste disposal
systems	 Another volume appeared in ���
 �Chemical Thermodynamics of Americium

��
SIL�BID�� and two more volumes are expected in the near future �Chemical Thermo�

dynamics of Technetium and Chemical Thermodynamics of Neptunium and Plutonium�	
These compilations are known as the NEA Thermochemical Data Base �TDB� project
���WAN�	 Thermodynamic data are important for the modelling of the chemical processes
in the engineered part of nuclear waste repository systems �the �near
�eld� region�� and
also to describe the e�ect of the �far
�eld�� i�e	 how the chemical change in ground and
surface water systems may a�ect the transport of toxic elements from the repository to the
biosphere	 Hence� the TDB project has been sponsored by the Radioactive Waste Man

agement Committee �RWMC� of the NEA� and its Performance Assessment Advisory
Group �PAAG�� and the reviews are being coordinated by the NEA Data Bank	

The thermodynamic database of the NEA� like most databases of its kind� includes only
data where precise� quantitative experimental information is available	 Experimentalists
have seldom used the same conditions when studying a given chemical system� and the
numerical data in general cannot be directly compared to one another	 It is necessary to
establish methods that allow a recalculation of such data to a common standard state	
These methods should also be used when selected thermodynamic data are extrapolated
to the �working� conditions in speci�c systems	

In order to build a reliable chemical model of a system it is necessary to include all
relevant processes	 In practice this requires the use� not only of quality
assessed numerical
data� but also of established scienti�c theories to estimate quantities for which precise
experimental information is not available	

With these facts in mind one of us �I	G	� suggested that the NEA compilations of
chemical thermodynamic data should be supplemented by a text describing both how
data estimates can be made� and how extrapolation methods can be used to recalculate
thermodynamic data to the speci�c conditions used in a model	 The scienti�c basis and
the accuracy of such estimation and extrapolation methods and their limitations should
be outlined	

The description�modelling of interactions between metal ions and �small� ligands is
reasonably straightforward� this is not the case for humic�fulvic acids	 There are a large
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number of di�erent models used to transform experimental data into �equilibrium� or
�binding� constants	 These are described and compared with one another in Chapters V
and VI	
We hope that the present volume may be used as a �compendium� of estimation and

extrapolation procedures	 The comparisons between di�erent techniques might also be
useful for those who are not experts in the various disciplines covered	 All authors have
been encouraged to include examples in their texts� which may serve as tutorials for the
readers	
Most of the authors have participated in multidisciplinary research work involving

environmental issues� particularly related to nuclear waste repository systems	 All of
us are� or have been� �laboratory� chemists�physicists	 In discussions with colleagues
we have often noticed that the concept �model� and the requirements of the scienti�c
enquiry are described in somewhat di�erent terms in �pure� and �applied� science	 We
therefore thought it worthwhile to include some more general chapters on the principles
governing function and performance assessment� modelling strategies� and the results of
the modelling of some complex systems	
Transport of chemical substances from a repository to the biosphere is the key element

in safety and performance assessment	 We have therefore included two chapters on such
processes	 One is more �traditional�� based on continuummechanics �Chapter XII�� while
the other is based on a microscopic modelling �Chapter XI�	
For use in waste management it is necessary to use procedures that are quality assessed	

This has normally been achieved through some scienti�c review process before the methods
have been published in the scienti�c literature	 In keeping with the previous volumes� we
have also asked outside reviewers to comment on the various chapters	 Their suggestions
and the action taken by the authors in response to them have been compiled at the NEA	
The editors� the authors� and the NEA appreciate the helpful criticism of the review team�
which is listed on pages ix
x	

Stockholm� April ���� The Scienti�c Editors
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Pr�eface

En ����� l�Agence de l�OCDE pour l��energie nucl�eaire a publi�e le premier volume �Chem�

ical Thermodynamics of Uranium ���GRE�FUG�� d�une s�erie d��etudes critiques sur des
donn�ees thermodynamiques d��el�ements particuli�erement importants pour l��evaluation de
s�uret�e dans le traitement des d�echets nucl�eaires	 Un autre volume a �et�e publi�e en ���

�Chemical Thermodynamics of Americium ��
SIL�BID�� et deux autres volumes sont at

tendus bient�ot �Chemical Thermodynamics of Technecium et Chemical Thermodynamics

of Neptunium and Plutonium�	 Ces compilations sont connues sous le nom de projet de
Banque de donn�ees thermodynamique de l�AEN �TDB� ���WAN�	 Les donn�ees thermo

dynamiques sont importantes pour la mod�elisation des processus chimiques dans la partie
conception des syst�emes de stockage des d�echets radioactifs �la r�egion du �champ proche���
et aussi pour d�ecrire les e�ets dans le �champ lointain�� c�est
�a
dire� comment une modi

�cation chimique dans les syst�emes des eaux souterraines et de surface pourrait a�ecter le
transport d��el�ements toxiques du d�ep�ot vers la biosph�ere	 C�est pourquoi le projet TDB
est subventionn�e par le Comit�e de la gestion des d�echets radioactifs de l�AEN �RWMC��
et son Groupe consultatif sur l��evaluation des performances des syst�emes d��evacuation des
d�echets radioactifs �PAAG�� et la r�ealisation des �etudes est coordonn�ee par la Banque de
donn�ees de l�AEN	

La base de donn�ees thermodynamique de l�AEN� comme la plupart des bases de donn�ees
de ce type� ne comprend que les donn�ees pour lesquelles des informations exp�erimentales
quantitatives et pr�ecises sont disponibles	 Les exp�erimentateurs n�ont utilis�e que rarement
les m�emes conditions pour �etudier un syst�eme chimique donn�e� et� en g�en�eral� les valeurs
num�eriques ne peuvent pas �etre compar�ees directement entre elles	 Il faut �etablir des
m�ethodes qui permettent un nouveau calcul de ces donn�ees dans un �etat standard com

mun	 Ces m�ethodes peuvent aussi �etre utilis�ees quand les donn�ees thermodynamiques
choisies sont extrapol�ees aux conditions �de travail� dans des syst�emes sp�eci�ques	

De mani�ere �a construire un mod�ele chimique �able d�un syst�eme� il faut inclure tous
les processus utiles	 En pratique� ceci demande non seulement l�utilisation de valeurs
num�eriques de qualit�e contr�ol�ee� mais aussi l�utilisation de th�eories scienti�ques �etablies
a�n d�estimer les quantit�es pour lesquelles on n�a pas de valeur exp�erimentale pr�ecise	

Une fois ceci pr�ecis�e� l�un de nous �I	G	� a sugg�er�e que les compilations de l�AEN
de donn�ees thermodynamiques soient compl�et�ees par un texte d�ecrivant� �a la fois�
comment des estimations de donn�ees peuvent �etre r�ealis�ees et comment des m�ethodes
d�extrapolation peuvent �etre utilis�ees pour recalculer des donn�ees thermodynamiques dans
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les conditions sp�eci�ques utilis�ees dans un mod�ele	 Le cadre scienti�que ainsi que la
pr�ecision de telles m�ethodes d�estimation et d�extrapolation et de leurs limitations pour

raient �etre pr�esent�es bri�evement	
La description�mod�elisation des interactions entre les ions m�etalliques et les �petits�

ligands est relativement simple � ce n�est pas le cas pour les acides humiques�fulviques	
Il existe un grand nombre de mod�eles di��erents utilis�es pour transformer des donn�ees
exp�erimentales en constantes �d��equilibre� ou �de complexation�	 Celles
ci sont d�ecrites
et compar�ees entre elles dans les Chapitres V et VI	
Nous esp�erons que ce livre puisse �etre utilis�e comme un �mode d�emploi� des proc�edures

d�estimation et d�extrapolation	 Les comparaisons entre di��erentes techniques peuvent
aussi �etre utiles �a ceux qui ne sont pas experts dans toutes les disciplines employ�ees	 Tous
les auteurs ont �et�e encourag�es �a utiliser� dans leurs textes� des exemples qui peuvent servir
de travaux dirig�es pour le lecteur	
La plupart des auteurs ont particip�e �a des travaux de recherches multidisciplinaires sur

des probl�emes d�environnement� particuli�erement li�es aux syst�emes de d�ep�ot des d�echets
nucl�eaires	 Chacun de nous est� ou a �et�e� chimiste ou physicien �en laboratoire�	 En
discutant avec des coll�egues� nous avons souvent remarqu�e que l�on parle du concept
�mod�ele� et des besoins de la recherche scienti�que avec des termes quelque peu di��erents
en science �fondamentale� ou �appliqu�ee�	 Par cons�equent� nous avons pens�e qu�il �etait
int�eressant d��ecrire quelques chapitres g�en�eraux suppl�ementaires sur les principes r�egissant
l��evaluation du fonctionnement et de la performance� les strat�egies de mod�elisation� et les
r�esultats de la mod�elisation de quelques syst�emes complexes	
Le transport de substances chimiques d�un d�ep�ot vers la biosph�ere est l��el�ement cl�e dans

l��evaluation de la s�uret�e et de la performance	 Nous avons donc ajout�e deux chapitres
sur de tels processus	 L�un� bas�e sur la m�ecanique des milieux continus� est plus �tra

ditionnel� �Chapitre XII�� alors que l�autre est bas�e sur une mod�elisation microscopique
�Chapitre XI�	
Pour �etre utilis�ees en gestion des d�echets� il faut des proc�edures de qualit�e contr�ol�ee	

Normalement� ceci a �et�e fait par un examen scienti�que avant que ces m�ethodes ne soient
publi�ees dans la litt�erature scienti�que	 Comme dans les volumes pr�ec�edents� nous avons
aussi demand�e �a des experts ext�erieurs leurs avis sur les di��erents chapitres	 Leurs sug

gestions et les modi�cations des auteurs� en r�eaction �a celles
ci� ont �et�e r�eunis �a l�AEN	 Les
�editeurs� les auteurs et l�AEN ont appr�eci�e la critique constructive de l��equipe d�experts
dont la liste se trouve en pages xi
xii	

Avril ����� Stockholm Les �Editeurs Scienti�ques
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Foreword

The NEA Data Bank provides a number of services that may be useful to the reader of
this book� among others� a library of computer programs in various areas	 This includes
geochemical codes such as PHREEQE� EQ���� MINEQL� MINTEQ� PHRQPITZ� etc	
These computer codes can be obtained on request from the NEA Data Bank	
The TDB Data Base is now accessible on
line through Internet at

http���www�nea�fr�html�dbtdb	
For requests of data� computer programs� on
line access or further information� please

write to�

OECD Nuclear Energy Agency� Data Bank
Le Seine
St	 Germain

��� boulevard des �Iles
F
����� Issy
les
Moulineaux� France

or by electronic mail to� tdb�nea�fr

More information about the NEA is available at http���www�nea�fr	

The opinions and conclusions expressed are those of the authors only� and do not
necessarily re�ect the views of any Member country or international organisation	 This
volume is published on the responsibility of the Secretary
General of the OECD	

Paris� April ���� The NEA Secretariat
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Avant�propos

La Banque de donn�ees de l�AEN o�re nombre de services qui peuvent �etre utiles au
lecteur de ce livre � parmi d�autres� une biblioth�eque de logiciels dans plusieurs domaines	
Cela comprend des codes g�eochimiques tels que PHREEQE� EQ���� MINEQL� MINTEQ�
PHRQPITZ� etc	 Ces codes de calculs peuvent �etre obtenus sur demande �a la Banque de
donn�ees de l�AEN	
La Banque de donn�ees TDB est maintenant accessible en ligne sur Internet �a l�adresse�

http���www�nea�fr�html�dbtdb	
Pour tout renseignement sur des donn�ees� logiciels� possibilit�es de connexion ainsi que

toute information compl�ementaire vous pouvez �ecrire �a �

Agence de l�OCDE pour l��energie nucl�eaire
Banque de donn�ees
Le Seine
St	 Germain

��� boulevard des �Iles
F
����� Issy
les
Moulineaux� France

ou par courrier �electronique �a � tdb�nea�fr

Des informations sur l�AEN sont disponibles �a http���www�nea�fr	

Les opinions et conclusions exprim�ees dans ce rapport n�engagent que les auteurs� et
ne repr�esentent pas n�ecessairement celles d�un pays Membre ou d�une organisation inter

nationale	 Ce rapport est publi�e sous la responsabilit�e du Secr�etaire g�en�eral de l�OCDE	

Avril ����� Paris Le Secr�etariat de l�AEN
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Introduction
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I��� Models and modelling

Modelling is essential when trying to understand complex systems and phenomena and in
order to take action on the information obtained� Human activity� to a large part driven by
technology and population growth� in�uences our surroundings both on local and global
scales� In order to describe� model� understand and change these processes it is necessary
to combine many di�erent scienti�c disciplines� e�g� by forming multidisciplinary teams
which must be able to engage the various stake�holders in the understanding�decision�
making process� This is a di�cult and complex task where modelling is a key element in
establishing a common �language	 among those involved�
This book deals with the modelling of aqueous chemical systems in nature and else�

where� Their degree of complexitymay vary considerably from simple laboratory systems�
via technical systems 
e�g�� hydrometallurgical systems� energy systems of various kinds�
and waste systems� to large scale systems in nature 
e�g�� global geochemical cycles� and
the transport of metal containing species and other chemicals in ground and surface water
systems�� The emphasis is on modelling of chemical reactions and equilibria and the main
part of the text will therefore be devoted to chemical issues� However� physical processes
such as mass transport 
di�usion� advection and dispersion� are important for the chem�
ical evolution of ground and surface waters� and will therefore also be discussed� Before
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Figure I��
 Schematic features of the modelling and validation of a simple 
laboratory�
system�

Real system to
be modelled

� �

Comparison of the
properties of the real
system with those of

the model

Change model
assumptions if
necessary

Calculation of the
physical and chemical
properties of the system

�

Physical�chemical
description of the
system and its
boundaries

�

Physical and
chemical
approximations
to the processes
in the system

�

Mathematical
approximations in the
procedures used to obtain
quantitative data from the
physical and chemical
models used

�

entering into the details of chemical modelling we will describe some of the terminology
and modelling strategies used�

A system is that part of the physical world that the modeller wants to describe� and
where all the relevant processes in the model are assumed to take place� Boundary condi�
tions are the quantitative data about the initial state and about the physical boundaries of
the system� Boundary conditions are necessary to make statements about the behaviour
of the model 
and in an incomplete way also about the physical world��

There are formalised procedures that may be used in the analysis and description of
complex systems � there is even a scienti�c discipline� system or operation analysis that
is devoted to issues of this type� An analysis of a system in principle follows the scheme
given in Figures I�� and I��� In this chapter we will present a �rst discussion of various
types of models and how� and in what contexts� they are used�

Models are used in science and technology as tools� they are by choice and necessity
incomplete and describe only those aspects of �reality	 which the modeller �nds to be
relevant for the understanding and description of the �real	 system� From this follows that
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modelling may be performed on di�erent levels of sophistication� and necessary elements
are the approximations of various kinds� based on the conceptions of the problem at hand�

I����� The need for models

Why then do we use models� Oreskes� Shrader�Frechette and Belitz ���ORE�SHR� state
that �Models can corroborate a hypothesis by o�ering evidence to strengthen what may
be already partly established through other means� Models can elucidate discrepancies
in other models� Models can also be used for sensitivity analysis � for exploring �what
if questions� � thereby illuminating which aspects of the system are most in need of
further study� and where more data are most needed� Thus� the primary goal of models is
heuristic
 models are representations� useful for guiding further study but not susceptible
to proof�	 This is a reasonable statement from the natural science point of view� However�
models are not only used to guide further studies� but also to evaluate the performance
of systems as a function of time� to investigate compliance with performance criteria and
to help in decision�making� as indicated in Figure I���
Decision�making is often regarded as a rational choice between known alternatives� This

is a very simplistic view� many decisions have to be taken 
not to take the decision is also
a decision�� against a background of genuine uncertainty in the data and models� One
remedy is the use of �conservative	 assumptions� Examples are found in the management
of toxic� including radioactive� wastes where the models often may be �unrealistic	 in
some details� but this is accepted provided that the models err on the conservative side

i�e�� they overestimate the negative e�ect of a decision��

I����� Veri�cation and validation of models

Veri�cation and validation are important issues when discussing and using models� One
di�culty is that the terms have di�erent connotations to di�erent individuals� Verify
according to most dictionaries means an assertion or establishment of truth� To say that
a model is veri�ed implies that its truth has been established� and that it can be used
as a basis for decision�making� or as a component in other models� Veri�cation is also
used to denote the ability of a certain computer code to solve correctly the governing
equations� This is made by comparing numerical solutions within benchmark studies or
with analytical solutions� and demonstrating that they are equivalent under the conditions
where the model is used�

Validation does not necessarily denote the establishment of truth� but implies that the
model does not contain detectable �aws and errors of logic� In nuclear waste management
the term is used in a di�erent way� The US Nuclear Regulatory Commission de�nes it
as the process of obtaining �assurance that a model� as embodied in a computer code�
is a correct representation of the process or system for which it is intended	� while the
US Department of Energy de�nes validation as �a process whose objective is to ascertain
that the code or model indeed re�ects the behaviour of the real world	� The International
Atomic Energy Agency states that models are validated when it is con�rmed that they
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Figure I��
 Outline of the procedures used for describing properties�functioning of complex
systems�

Model of the entire
system� divided into a
set of sub�systems

�

Scenario descriptions Algorithms Data

�

Predictions of the behaviour
of the system

�

�

Formulated goals for the
performance of the system
based on criteria of di�erent
kinds� e�g�� existing laws�
economic and ethical con�
siderations� etc�

�provide a good representation of the actual processes occurring in the real system	� The
terminology used within the nuclear waste community is unfortunate because it tends to
be misleading to scientists and laymen outside the area� There are interesting discussions
of these issues by Konikow and Bredehoft ���KON�BRE�� de Marsily� Combes and Goblet
���MAR�COM�� and by Oreskes� Shrader�Frechette and Belitz ���ORE�SHR�� Let us
make a quote from the last of these references
 �no general empirical proposition about
the natural world can ever be certain� No matter how much data we have� there will always
be the possibility that more than one theory can explain the available observations�	

I����� Modelling stages for complex systems

Figure I�� describes reasonably well the modelling situations encountered when trying
to describe fairly simple systems such as those encountered in laboratory investigations�
Most systems encountered in nature have a much higher degree of complexity� and the
modelling approach must be modi�ed�elaborated accordingly� Figure I�� gives a better�
albeit schematic� description of the procedure�
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The essential part of this process is a formulation of objectives for the model� the
documentation of the scienti�c basis for the analysis� and the expert judgements made�
These form the rationale behind the model� which must be transparent to all users�
The analysis can be made using the following set of �procedures	


� Choice of scenarios� This is a description in word of the system and the FEPs

Features� Events and Processes� taking place in it� The �main	 FEPs are
de�ned 
or assumed� by the modeller� based on the current general level of
description�understanding of the system� but also on performance criteria� See
for example Table XIII�� on p� ����

The FEPs can vary widely� from those that may be formulated in scienti�c�tech�
nical terms� to others that deal with� e�g�� social and behavioural issues� We will
only discuss the �rst types� However� the latter may often be more important for
both the performance of the system� and for the ultimate decision of implementing
a certain technical system� or not�

� Choice of conceptual models� This is the process where the modeller selects the
appropriate scienti�c theories� models and data that will be used to describe the
processes de�ned in the various scenario descriptions� This process in general also
involves various physical and chemical approximations� The data are in many cases
model�dependent and it is not always possible to use data from experiments evalu�
ated with one model� in a di�erent one�

� Transfer to mathematicalmodels� The process where the modeller transfers the con�
ceptual models into a suitable form for calculating relevant system properties under
the given assumptions� This nearly always requires mathematical approximations
of various kinds�

� Calculations� This is seemingly the most straightforward part of the exercise� How�
ever� it is essential to use computer codes that are well tested and do not su�er
from problems of numerical instability ���KON�BRE�� A particular di�cult prob�
lem is the coupling of di�erent processes� e�g�� chemical reactions and mass�transport
processes such as di�usion and advection� This problem will be discussed in Chap�
ter XII�

The design of models should be dictated by the questions the model is supposed to
answer� a key task is to separate the signi�cant features from the less important�

I��� Laboratory systems vs� complex systems encountered in nature and in
science�technology

It is necessary to be aware of the very large di�erences between laboratory systems�
and other much more complex systems such as those encountered in nature or in sci�
ence�technology� This section is only intended to give the reader an idea of the nature of
these di�erences� and how they a�ect modelling strategies�
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Figure I��
 The characteristic features of laboratory systems and more complex systems
encountered in nature and in the scienti�c�technological world�

Laboratory system�
Well de�ned� with few
variables de�ning the sys�
tem and its surroundings�
Good control of system
variables� The labora�
tory system is �idealised	
and used to obtain quan�
titative information that
provides the basis for the
testing of di�erent scien�
ti�c theories�

System in nature�
Often ill�de�ned� and re�
quires models with many
variables for its descrip�
tion� In general no con�
trol of system variables�
The system features may
often be described equally
well by di�erent mod�
els� The system proper�
ties may give ideas for
laboratory studies aimed
at identifying new phe�
nomena and to develop
the existing system theo�
retical framework�

�

�

Provide mechanistic in�
sight� The high accu�
racy of the quantitative
information can rarely
be exploited in the
descriptions of �real�
systems

Use model data to ob�
tain ideas for new
laboratory experiments
that might provide new
information on mecha�
nisms

Figure I�� demonstrates the characteristics of laboratory systems and of systems in
nature�

�Laboratory	 systems are used for developing new scienti�c theories� or to extend or
further develop already existing ones� This is done by simplifying and controlling the
system as far as possible within the scope of the problem� A characteristic feature is that
detailed experimental observations are used to make a synthesis in the form of a new�
or extended theory� i�e�� laboratory data allow the extension of models to describe more
complex systems by a �bottom�up	 approach�

Example ��

Equilibriumanalysis 	
�ROS�ROS� ��SIL� ��ROS�ROS� 
�HAR�BUR�� i�e�� the interpretation of solution
chemical data in terms of a solution chemical model� is a typical example of a laboratory model� The
solution chemical data might be for example spectrophotometric or electromotive force �emf� data� like pH
measurements� The data are interpreted in terms of equilibrium reactions �acid�base� complex formation�
solubility� etc�� to obtain values of equilibrium constants� See also Section II���
�

Another example is the determination of the speciation� i�e�� the chemical form of the various com�
ponents in a system at equilibrium� by the use of already existing solution chemical data �equilibrium
constants�� See for example Figure II�� on p�
�� In systems with many components this requires the use
of a suitable computer code� but it also requires models for the recalculation of the available equilibrium
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constants so they are valid at the ionic strength�ionic medium composition and the temperature in the
system� It may be also necessary to estimate the composition and thermodynamic data for species that
are chemically reasonable� but for which no quantitative data are available�

Models of this type are often submodels in the more complex models� The scienti�c information and
understanding on which these models are based are usually fairly good� and an important part of this
book is devoted to the description of the characteristic features of models of this type�

Typical computer codes for this type of model �calculation of chemical speciation at equi�
librium� are HALTAFALL� developed by Sill�en et al� 	
�ING�KAK� ��EKE�SIL� ��WAR�ING��
SOLGAS and SOLGASWATER� by Eriksson 	��ERI� ��ERI�� EQ��
 by Wollery 	
�WOL�


WOL� ��WOL�JAC�� PHREEQE by Plummer et al� 	
�PAR�THO� 
�FLE�PLU� 

PLU�PAR�
��PLU�PAR�� etc� The codes MINEQL by Westall et al� 	�
WES�ZAC� ��WES� 
�SCH�


WES� �cf� http���www�agate�net��ersoftwr�homepage�html�� HYDRAQL by Leckie and co�work�
ers 	

PAP�HAY�� and MINTEQ 	
�PET�HOS� are also of this type� but they also include the possibility
to model surface speciation� cf� Chapter VII� Nordstrom et al� have discussed and compared codes of this
type 	��NOR�PLU� 
�NOR�BAL��

Example ��

Hydrological models describe dynamic events� i�e�� the movement of water in media of di�erent types�
They may also be classi�ed as �simple� models in the sense that they depict only one particular process
in a system� This does not imply that the physical or mathematical approximations required to describe
the system and to calculate the model properties are simple� cf� 	��KON�BRE� and 	��MAR�COM�� A
summary of the characteristic features of this type of models is given in Chapters XI and XII�

Systems that require coupling between mass transport and chemical reactions fall in
another category than those mentioned in Examples � and �� The computational prob�
lems that arise when calculating the system properties are now severe and require a careful
consideration of the time�scale of the chemical events as compared to the transport� and
also of the dimensionality of the problem� i�e�� if a particular problem requires a three�
dimensional model� or if a two�� or one�dimensional model will be su�cient� The di�erence
in numerical stability and requirement of computer time will be very di�erent for these
three cases� This area is outside the main scope of this book� and the readers are referred
to the bibliography in Chapters XI and XII for more details� �Simple	 problems of this
type are well�known in chemical engineering for the description of column operations of
various kinds� such as ion�exchange and liquid�liquid extraction� The problems are simple
in the sense that the physical and chemical processes in the system are well known and
understood�
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�Complex	 systems represent something very di�erent� and cannot be tackled with the
�bottom�up	 method� There are several reasons for this


� The high degree of complexity may result in unknown interactions between the
components and the processes� The higher the degree of complexity the more such
unknown interactions may be of importance�

� The high complexity makes it impossible to use models that rely on detailed mech�
anistic description of the chemical and physical processes in the system� because
the collection of the necessary information might change the properties of the sys�
tem� In order to obtain detailed information of an underground waste repository
it would be necessary to make extensive use of drilling operations� or excavations�
which would change the properties of the site� An additional problem is that the
expenditures for computer time increases rapidly with increasing complexity�

� The observed macroscopic properties of the systemmay be compatible with di�erent
models� i�e�� there is a problem with the uniqueness of the models�

In these cases� the description�modelling of the complex system must start from its
macroscopic behaviour�function� and the key issue is really to break�down the system
into smaller parts 
sub�systems�� in such a way that all relevant factors that might in�u�
ence their behaviour are taken into account� This is a �top�down	� or objective�based�
approach� The description�modelling must be open in the sense that there is a continu�
ous reevaluation of the approach used as new information becomes available
 hypothesis
testing and synthesis form a closed loop�

I��� Modelling methodologies for complex systems

Special methodologies have been developed to keep track of the di�erent events and
parameters that might in�uence the function of complex systems� and to identify the
most important of these� It is essential to undertake this process in such a way that all
steps taken� and the rationale behind all decisions are well documented� This leads to a
chain of 
sub�models� The degree of detail must be consistent within the model chain
and tailored to the problem at hand� The process must be �transparent	 so that it can
be back�tracked if necessary�
This type of �cause � e�ect	 analysis is very helpful for the examination of complex

problems� The relative importance of the various interactions can also be assessed quali�
tatively� or quantitatively� This is a necessary step in order to simplify the system before
beginning the systematic calculations� The following methods are widely used to build
models for complex systems


� Event or fault tree analysis� This methodology is used to describe the system behaviour in
terms of FEPs which are well�known� or can be estimated with a high degree of certainty�
Fault�tree analysis has been developed for risk analysis and safety assessment of large
scale industrial structures such as chemical plants �e�g�� for the production of explosives
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Figure I��
 A standard fault tree showing all possible combinations of four FEPs
 two
release processes 
R� and R�� and two mass�transport phenomena 
T� and T��� From
���CRA�GUZ��

�

�
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and petrochemical products� and nuclear power installations� Figure I�� shows a standard
fault tree analysis for scenario descriptions of a system with four FEPs� and it illustrates
how chains of events might take place� Note the �binary
 structure� events either do take
place with a certain probability� or they do not take place� It is notoriously di�cult to
assign probabilities to geological� or human related FEPs�

� Process in�uence diagrams with linked documentation� Another way to describe a system
and its function is to construct PIDs �Process In�uence Diagrams�� where the FEPs are
represented by boxes� and interactions by lines between the boxes �	�CHA�AND�� A highly
simpli�ed PID is illustrated in Figure I��� and another example is given in Chapter XIII�
The following procedure is used�

� a systematic review and documentation of FEPs and of the interactions that can
in�uence the performance of the system�

� documentation of decisions made in the development of scenarios in order to ensure
traceability of the process�

� construction of a basic in�uence diagram� and from this� scenario in�uence diagrams�

�



Introduction

Figure I��
 Simpli�ed process in�uence diagram 
PID� giving a schematic description of a
system� The boxes contain documentation on the various FEPs� and the lines represents
interactions between them� The system boundary is de�ned by some measurable prop�
erties� within the system there is a signi�cant change of properties as compared to the
undisturbed situation� In a repository for radioactive waste� external FEPs may be the
change in hydraulic conductivity in the geological medium as a result of seismic events�
or the change in the composition and amount of in�ltrating surface water from changes
in the atmospheric conditions� An internal FEPs may be the corrosion of waste canisters
resulting from chemical gradients within the repository� caused for instance by radiolysis�
From Eng et al� ���ENG�HUD��
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Figure I��
 Construction of interaction diagrams of the �RES	�type� The main compo�
nents 
FEPs� of the system are listed along the diagonal� and interactions among them
are shown in the o��diagonal elements 
AC is the interaction of A on C� and CA is the
e�ect of C on A� which in general are not equivalent�� The �gure shows two possible
e�ects of component D on B� The diagonal elements for a high�level radioactive waste
repository might for example be
 the UO��matrix 
A�� the canister materials 
B�� water

C�� and radiation 
D�� In this case� DA and DB would correspond to di�erent types of
radiation damage� AC would be the reducing power of the spent fuel 
sink of aqueous
oxidants�� and CB the corrosion of the canister� From ���ENG�HUD��
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�

�

�

�

�
�

�
�

� formulation of scenarios and calculation cases�

� The interaction diagram or �Rock Engineering Systems� �RES� approach� This is another
type of interaction diagrams� where a square matrix is used to describe the FEPs and their
interactions� A complete description of these diagrams is given in �	�HUD�� The FEPs
are located on the diagonal of a square matrix and the interactions are represented by
the o��diagonal terms� Figure I�� represents a system with four FEPs and twelve ��� � ��
o��diagonal terms� See �	�ENG�HUD�� Assume that we are interested in how variable D
a�ects variable B� This will occur in two ways� by the direct o��diagonal interaction DB� or
indirectly through the other FEPs in the system� One such in�uence pathway �D�A�C�B�
is indicated in the Figure� Variable D a�ects variable B through three interactions DA�
AC and CB� The way in which a particular variable a�ects all the others is described by
the interactions along the matrix row through the variable� The way in which a particular
variable is a�ected by all other variables is given by the interactions in the column through
that variable�

In addition to modelling methodologies there are also uncertainties to be taken into
account


� Uncertainty in the scenarios used� This in turn will in�uence the other types of
uncertainty�

� Uncertainty in the de�nition of the system� This is the key uncertainty when trying
to describe systems in nature� It is related to the heterogeneity of the system and
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the lack of proper information on all its parts� The same fundamental types of
uncertainty are also present in the system boundaries�

� Uncertainty in the data� e�g�� in equilibrium constants� �ow porosity� etc� Part of
this book will be devoted to discussions of the uncertainty in chemical data�

� Uncertainty in the understanding of the mechanisms of the processes taking place
in the system� This may be a problem already in the laboratory systems� however�
fundamental scienti�c inquiries are made in order to resolve issues of this type� It is
not simple to obtain a detailed mechanistic insight in many systems encountered in
nature� This problem is aggravated when descriptions extending over long periods of
time are required� This is the case e�g�� when modelling the impact of technological
systems on the environment� The mechanistic understanding also constitutes an
important part of the chemistry sections in this book�

The modeller must be able to cope with uncertainties and also with the simpli�cations
required to make a scienti�c interpretation of complex systems possible� The following
Chapters of this book will mainly be concerned with the scienti�c basis for relatively
simple models� However� these are often sub�models in more complex model structures�
even if they do not enter directly into them� In the next section we will give some
additional examples that might be helpful to the reader�

I��� Some simple physical and chemical models

There is an important di�erence between models that are used for interpolations within
a speci�c system� and those used for making extrapolations or predictions of the system
behaviour under conditions outside those studied� The �rst type of model does not nec�
essarily require detailed knowledge of what goes on inside a system� and the values of the
system properties at any point within the system are deduced from the experimental data
using some empirical function�
The connotations of extrapolation and prediction are somewhat di�erent� the �rst

implying a process based on a solid scienti�c basis� the latter indicating something more
vague� However� the two terms are often used as synonymous of one another�
When discussing extrapolation and prediction in the context of this book� we are

assuming that the systems are reasonably �well�behaved	� i�e�� that the driving forces
acting on� or within the system� are so small that it does not behave in a chaotic fashion�
Let us study a simple example to illustrate the points mentioned above�

Example �� Radioactive decay

Through experimental observations we know that certain elements are not stable� and that they are
transformed by processes in their nuclei into new elements� which in turn also may be instable� The
chain of instable nuclides �nally end up in a stable element� The theory describing radioactive decay
gives the following rate of decay of a parent nucleus to its daughter element

dN

dt
� ��N �I���
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where � is a constant and N the number of parent nuclei at time t� Let us now assume that we have
an isolated system of a certain radioactive element� For given boundary conditions �known values of �
and of N�� i�e�� N at t � �� we can integrate the previous equation� and calculate the number of atoms
in our system at any given point in the future� The precision of our prediction depends on how well we
know the quantities � and N�� This is a simple system� and the scienti�c community would certainly
agree that it is possible to make very precise predictions of its future behaviour� even over extremely long
periods of time� This is not uninteresting� We do know how the radioactivity of the elements in future
repositories for nuclear material will behave over time�

Scientists have used the same physical theory to date geological and other systems� The ���U and ���Th
decay series have been used for dating purposes� In an undisturbed geological system which is su�ciently
old the activity of a parent nuclide is the same as that of all its daughter nuclides �secular equilibrium��
However� in an open system� the di�erent chemistry of parent and daughter elements may result in
preferential losses of some nuclides� and the activity ratio is no longer equal to unity 	��OSM�IVA�� and
we need additional information on its chemistry� geology and hydrology in order to date the system�
These data are much more uncertain than the theory of radioactive decay� Hence� the age determinations
are rather uncertain� even though the theory behind Eq� �I��� is very well established�

I��� Under what circumstances can we make predictions of the time evolution
of chemical systems�

The time evolution of chemical systems depends on the possibility of chemical reactions�
When discussing reactions� chemists often distinguish between two limiting situations�
whether they are under thermodynamic� or kinetic control�

Example ��

As an example of a system under thermodynamic control� we can select a phase diagram for a binary
system of two pure solids A and B� and a solid solution� S� as shown in Figure I��� The system is at
constant pressure and there is no exchange of matter with the surroundings� We can always predict the
behaviour of this system over time� Within the phase boundaries nothing will happen when we change
the system variables� When a phase boundary is crossed the system will change as indicated in the
diagram� However� the diagram does not tell us how fast this process is� The example may seem trivial�
but it has technical implications�

The technical life time of materials is often controlled by the rate of corrosion and
it is important to be able to estimate this in order to select the proper material for
di�erent types of installations� To evaluate the long�time durability of materials one
often uses accelerated testing� This is based on the simple principle that the rates of
chemical reactions increase with increasing temperature� In this way one can �compress	
the time�scale for the testing� This is an excellent method� provided that the mechanism
of corrosion is the same in the investigated temperature range� However� if there is a
phase change when the temperature is increased� there is no reason to believe that the
corrosion mechanism remains unchanged�

Corrosion processes are in general controlled by kinetic factors� and in order to describe
them one must have a detailed knowledge of the chemical events at the atomic�molecular
level� Knowledge of this type is nearly always restricted to very simple systems� and
predictions of the time behaviour of more complicated systems is therefore both di�cult
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Figure I��
 Example of a phase diagram for a system with two componentsA and B 
pure
solid phases�� where S represents a solid solution�

��� � A ��� � BComposition

Temperature

liquid

liquid � S

S

A � B

S � BS � A

and uncertain�

Example �� Estimation of the corrosion of metallic materials over long periods
of time

The problem concerns the prediction of the long time durability of metal containers for toxic wastes� The
containers may be deposited either on the bottom of the oceans� or in a rock repository for nuclear waste
in some geological medium� Figure I�
 shows schematically the outline of an underground repository�

In order to assess the chemical conditions and reactions of importance for the long�time safety of the
repository�

� The system and its surroundings must be described� including a decision on the system boundary�

� The key chemical parameters in the system must be identi�ed�

� It must be decided if the corrosion is governed by thermodynamics or kinetics�

Corrosion is a chemical process which depends on the choice of canister material and on the physical
and chemical properties of the surroundings� The latter are determined by the location of the repository�
This will also determine the hydraulic gradients in the repository� i�e�� the driving force for groundwater
�ow and therefore� the transport of potential corroding chemical agents to the canister� and once its walls
have been penetrated� of toxic material from the canister �both as particles and in dissolved form��

A chemist will quickly be able to identify important chemical parameters in systems of this type� e�g��
pH� the redox potential of the system and the presence of speci�c substances that might cause strong
corrosion�

Figure I�� contains simpli�ed Pourbaix�diagrams� �cf� Chapter II� p�
��� which show the corrosion
properties of iron and copper in pure water� Diagrams for other metals can be found in Pourbaix�s �At�
las� 	��POU�� This Figure indicates areas where corrosion is thermodynamically impossible �immunity��
areas where corrosion leads to the formation of a layer of corrosion products that may inhibit further
corrosion �the technical term is passivation�� and �nally� the area where there is active corrosion� When
a metal is passivated the corrosion is always kinetically controlled� In the region where a material is
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Figure I��
 Schematic outline of an underground repository ���KBS�� The stream lines for
groundwater �ow through the system are outlined� The rate of �ow depends on hydraulic
gradients� the presence of water carrying fractures 
�lineaments	� and the amount of
surface water in�ltration�

thermodynamically stable it is straightforward to predict the long�time behaviour� no changes will occur
as long as the external conditions remain the same� Through diagrams of this type� we can also identify
the conditions where corrosion occurs� For the case of copper� both oxygen and sulphide may give rise
to corrosion� However� the diagram does not provide information on the rate of this process�

In the system we are discussing� there are two types of kinetic processes� One is determined by the
rate of chemical reactions at the interface between the canister and the water� and the other by the rate
of transport of corrosive substances in the water to the surface of the canister�

The system is more complicated than most laboratory systems� especially if we consider processes that
take place over long periods of time� Long� in this context is anything beyond ��� years� We may ask how
to judge if the predictions are reasonable� or not� Table I�� gives some guidance on judgements of this
type� the estimated �accuracy� is only based on estimates by the authors� A more detailed discussion
of copper corrosion in underground systems is given in 	��WER�SPA�� by using a model where both
chemical processes and transport are taken into account�
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Figure I��
 Pourbaix diagrams for iron and copper at ���C�
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Let us now make a summary


� Extrapolations over long time periods must use models based on theory�

� The more complicated the system� the more di�cult it is to make accurate predic�
tions�

� The uncertainty in the prediction depends on the uncertainty in theories� models
and boundary conditions�

Figure I�� indicates how �validation	 is made in simple systems� In complicated sys�
tems� this procedure cannot be used� It is not possible to test the model predictions of
the system development when changes take place in the surroundings� or its behaviour�
over very long periods of time� We have to rely on other methods� most of which are
based on the assumption that if we can describe the present state of the system� then
the same models may be used to predict its behaviour when the system variables are
changed� Extrapolations of the behaviour of systems over long periods of time are often
made by using artifacts and natural analogues� The question is then whether we can use
information from postdictions 
�history matching	� in one system to make assessments of
the accuracy of predictions in the same� or similar� systems�
The long�time corrosion of copper may be evaluated from archaeological artifacts� pro�

vided there is information on the chemical surroundings over the period of interest� Such
information is available� e�g�� for artifacts found in marine surroundings 
in bottom sed�
iments� or in the water� ���HAL�OES�� By studying the extent of corrosion of these
artifacts one obtains information both of the extent of corrosion and its distribution over
the surface of the material 
�pitting	��
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Table I��
 Processes a�ecting the stability of metal containers for toxic wastes�

Process Time scale �Control method� Accuracy

Corrosion � � ������ years Material testing Often high� but
material dependent

up till ������� Archaeological Strongly dependent
years artifacts on �boundary conditions�

geological time Natural analogues Strongly dependent
frame ���oat copper�� the on �boundary conditions�

Oklo�reactor sites�

Chemical � � ��� years Extrapolations of Good for most
composition of technology and components
the atmosphere population
and surface water development

Climate changes Theory based Poor� judging from
over long time geological data on
periods drill cores from the

Greenland ice

From the previous� it is obvious that we can never verify the predicted behaviour of
complicated systems over long periods of time� Nevertheless� it may be necessary to make
predictions of this type� Extrapolations of the behaviour of active technical systems do
not seem necessary over time periods longer than �� 
for the technology components in
systems� to ��� 
e�g�� dam systems� years� Systems which have to be evaluated over longer
periods� in general have important non�technological components� e�g�� the e�ects of loss
of biological diversity� socio�economical e�ects of the large societal systems for transport�
energy production� agriculture etc� The main issues in systems of this type are political�
not scienti�c�
We are convinced that for decisions on systems of this type it does not make sense to

discuss the accuracy of the predictive models in absolute terms� Such models can only be
used to compare the consequences of the di�erent options available when a decision has
to be taken�
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I�	� Some additional considerations on chemical modelling

Chemical modelling can be made on di�erent levels of detail� It may involve a description
of a dynamic situation� where the chemical system is in continuous evolution� e�g�� as a
result of ongoing chemical reactions and�or the transport of chemical constituents into or
out of the system�
It can also be an essentially static description� a snap�shot of an actual situation in a

system where some variables� e�g�� the total concentration of the chemical components are
assumed to be constant�
These descriptions 
or models� have their counterparts among chemical theories � in

order to make quantitative statements about chemical changes the chemists are using
two fundamental disciplines
 chemical thermodynamics and chemical kinetics� The �rst
describes the conditions under which chemical reactions are possible and the extent of
the reactions when equilibrium is attained� Hence� thermodynamics provides a measure
of the maximum chemical change that takes place in the system under speci�ed external
conditions� As a byproduct one obtains information on the concentrations of all chemical
species under the given conditions�
The rates of chemical reactions may vary over a very wide range 
with characteristic

time constants from � ���� to � ��� sec�� and some reactions take place very slowly even
on a geological time scale� In order to model the time evolution of a chemical system
we must know all the factors that in�uence the various rates of reaction and also the
rate constants for the reactions� Information of this type is seldom available for complex
systems� If this is a problem� or not� depends on the time�scale of the model � in many
systems the rate of processes are not dominated by chemical reactions but by the rate
of mixing 
e�g�� the chemical change in a lake caused by the mixing of an in�ow with a
di�erent composition than the bulk�� The time constants for many chemical reactions in
homogeneous solution are less than minutes�a few hours� a time scale that is very short
in comparison with the rates of mixing in most systems in nature� From a modelling
point of view we may then regard these chemical reactions as instantaneous� This is
important from a modelling point of view because it allows the modeller to regard the
chemical reactions and the rate of mixing as uncoupled processes� If we want to model
the chemical evolution in the system caused by mixing� we must of course know the rate
of the physical mixing process�
There are also a number of chemical reactions that in the absence of catalysts occur so

slowly that there is no observable reaction in the time scale of the model� In this situation
the modeller does not have to take the chemical reaction into account in the model � we
have a state of metastable equilibrium�
Reactions in heterogeneous systems 
some solubility�precipitation reactions� weathering

reactions� and gas�liquid equilibria� often have much slower rates of reaction than those
in homogeneous solution and the modelling of such a system may then be much more
complicated� These issues will be discussed further in Chapter III�
All attempts to model a complex system should begin with a thermodynamic model

because this provides a �rst idea of the chemical reactions that are most important for the
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system� and those that can safely be disregarded� Thermodynamic modelling is in many
respects a straightforward procedure
 there are a large number of well tested computer
codes that may be used to handle even very complicated equilibrium systems� Hence�
the success� or failure� of the modelling depends on the quality of the thermodynamic
database used� The database must be complete in the sense that information on all
relevant chemical reactions must be known� The quantitative thermodynamic information
must also have a satisfactory accuracy� We will discuss this point shortly�
Other input data for chemicalmodelling is information on the total concentrations of the

various components in a system� For the conditions prevalent to�day� this is essentially a
problem of analytical chemistry� However� when describing the time evolution of a system
it is necessary to understand if and how the total concentrations may change as a result
of anthropogenic input� or by other events�

I�	��� Sources of thermodynamic data

Chemical thermodynamics is a well established scienti�c discipline and quantitative data
have appeared in the chemical literature for more than a century� Thermodynamic data
on various compounds and chemical reactions are found in various data compilations�
Stability Constants ���SIL�MAR� ��SIL�MAR� ��PER�� ��HOG� provide information

about equilibrium constants of various types� These compilations contain information
on essentially all published data for a given system� and the authors have not made
any attempts of critical evaluation of the quality of the data 
except for an occasional
question mark�� The experimental information on ionic medium and temperature are
reported along with the experimental method used� Nearly all the reported equilibrium
constants are expressed in concentration units 
cf� Chapter II� and the numerical values
are therefore only valid when used in the same conditions as when they were deter�
mined� A computer�held version of the Stability Constants is maintained by the IUPAC
Commission on Equilibrium Data� This electronic database is available through Aca�
demic Software� Sourby Old Farm� Timble� Otley� Yorkshire LS�� �PW� United Kingdom

http���www�cityscape�co�uk�users�gr����
Critical Stability Constants ���MAR�SMI� ��MAR�SMI� ��SMI�MAR�

��MAR�SMI� ��MAR�SMI� ��SMI�MAR� is another compilation of equilibrium con�
stants taken from Stability Constants but where the authors have made a selection of the
�best	 values at certain speci�ed ionic strengths� Unfortunately there is no information
on the rationale used in the selection of the data� A computer�held version of the Critical
Stability Constants is maintained by the National Institute of Standards and Technology�
This electronic database is available through Standard Reference Data Program� NIST�
Gaithersburg� MD ����������� USA 
http���www�nist�gov�srd�
The IUPAC Commission on Equilibrium Data have published a set of critical eval�

uations of equilibrium constants for a few selected metal � ligand systems 
�uoride
���BON�HEF�� edta ���AND�� etc��� In the same series� Perrin ���PER� has made a com�
pilation of equilibrium dissociation constants for inorganic acids and bases which contain
similar information as Stability Constants� These compilations give a good discussion of
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the various experimental studies� but make no attempt to reduce the data to a common
reference state�

The following compilations contain thermodynamic information in the form of
Gibbs energies of formation� enthalpies of formation� entropies� heat capacities�
etc�
 U� S� Bureau of Standards ���WAG�EVA�� JANAF ���CHA�DAV�� CODATA
���COX�WAG�� and the books by Knacke et al� ���KNA�KUB�� Barin ���BAR�� and
Kubaschewski et al� ���KUB�ALC�� CODATA�s �key�values	 ���COX�WAG� have been
selected after a very thorough evaluation of the existing thermodynamic data for each
compound� Another important source is Termicheskie konstanty veshesty 
Thermal con�
stants of substances�� in �� volumes� Academy of Sciences� Moscow� ���� to ����� edited
by V� P� Glushko� This is an extensive compilation of thermodynamic data for solid
phases� aqueous solutions and gases� comprising twenty books of tables and references�
The same editor started in ���� the series Termodinamicheskie svoistva individualnykh
veshestv 
Thermodynamic properties of individual substances�� now consisting of eight
books containing tables of data and a discussion of the selection of the most reliable
values and their uncertainties� An updated and revised version of this work has been
published in English ���GUR�VEY��

Thermodynamic properties of minerals and aqueous reactions of interest for
geochemist may be found in ���ROB�WAL� ��HEL�DEL� ��ROB�HEM� ��HEL�
��HEM�HAA� ��HOL�POW� ��NOR�PLU� ��JOH�OEL� ��NOR�MUN�
��ROB�HEM��

The last two paragraphs give references which contain thermodynamic data at standard
state conditions� and at a temperature of ������ K and a pressure of ������� MPa� Data
for aqueous species are referred to the in�nite dilution standard state� Details about
de�nitions of various types of equilibrium constants and a discussion of standard state
conditions are given in Chapter II�

Information on thermodynamic data for actinides� both for the elements and
for their compounds and aqueous species 
including inorganic complexes� has
been compiled by the International Atomic Energy Agency 
IAEA� in Vienna
���RAN� ��LAV�GER� ��GER�LAV� ��SPE� ��RAN� ��ALC�JAC� ��FUG�OET�
��OET�RAN� ��COR�OHA� ��BRE�LAM�� ��CHI�AKH� ��SPE� ��FUG�PAR�
��KUB� ��FLO�HAS� ��GRO�DRO� ��HOL�RAN� ��HIL�GUR� ��FUG�KHO��

Thermodynamic data for the actinides uranium� neptunium� plutonium and americium�
as well as technetium are being reviewed by the Nuclear Energy Agency 
NEA� of the
Organisation for Economic Co�operation and Development 
OECD� in Paris� The reviews
include both the elements and their compounds and aqueous species 
including inorganic
complexes�� Withing this project ���WAN� both thermodynamic data and their uncer�
tainties are being selected in consistency with the CODATA values mentioned above� So
far reviews for uranium and americium have been published� ���GRE�FUG� ��SIL�BID��
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I�	��� Using tabulated thermodynamic data

An important problem that the chemical modeller has to deal with is the consistency
of thermodynamic data
 erroneous results may be obtained when using values from sev�
eral di�erent sources and combining them in a model� This is discussed by Grauer� in
Chapter IV�
Despite the large amount of information available the modeller might �nd that impor�

tant information is missing� This lack of information may be of two di�erent kinds


� Methods might be available to recalculate thermodynamic data from the values
given under standard state conditions and at a reference temperature� These are
the values usually found in thermodynamic compilations� Such recalculations are
necessary because the systems to be modelled are rarely at standard state conditions
or at the reference temperature� This means that the existing thermodynamic infor�
mation must be corrected so that it is valid at the temperature� pressure and ionic
strength of the actual system� Methods to perform these corrections are described
in Chapters IX and X�

� Information on the stoichiometric composition and on the equilibrium constants
involving species that the modeller has good chemical reasons to believe might be
formed in the system� but for which no quantitative data are available�

What to do when important information is missing� The poorest solution is to include
only information that is available in the databases � a much better solution is to use chem�
ical theories to predict reasonable estimates of the quantities needed� and then to �nd out
how sensitive the model result 
e�g� a mineral solubility� or a total element concentration�
is to variations in the unknown model parameters� If these parameters turn out to be
important for the modelling it may be necessary to determine them experimentally� The
examples in Chapters III and X demonstrate that also estimations of thermodynamic
quantities may give valuable insight into the chemical behaviour of a complex system�
Expressed in another way
 in thermodynamic modelling it is important to use not only

the quantitative data available in databases� but also the qualitative or semi�quantitative
information that can be extracted from the established chemical theories� The use of
extrapolation methods for thermodynamic data is important and we have therefore de�
scribed the methods for estimating activity factors and for making estimates of the tem�
perature dependence of thermodynamic quantities in Chapters IX and X� respectively�
Estimates of the chemical composition of dissolved species require a short background on
some general chemical principles� These are described in Chapter III� where references to
monographs�text�books which provide more detailed information are also given�
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I�
� Chapitre I � Introduction

I�� Mod�eles et mod�elisation

La mod�elisation est essentielle lorsqu�on essaye de comprendre des syst�emes et des ph�enom�enes com�
plexes et a�n de traiter les informations obtenues� L�activit�e humaine� principalement command�ee par
la technologie et la croissance d�emographique� in�uence notre environnement �a la fois �a l��echelle locale
et globale� Pour d�ecrire� mod�eliser� comprendre et modi�er ces processus� il faut combiner beaucoup de
disciplines scienti�ques di��erentes� par exemple� en cr�eant des �equipes multidisciplinaires qui doivent �etre
capables de faire le lien entre les di��erentes pi�eces dans le processus de compr�ehension�prise de d�ecision�
C�est une tache complexe et di�cile o�u la mod�elisation joue un r�ole essentiel dans l��etablissement d�un
�langage� commun parmi tous les autres utilis�es�

Ce livre parle de la mod�elisation des syst�emes chimiques aqueux dans la nature et ailleurs� Leur degr�e
de complexit�e peut varier consid�erablement de simples syst�emes de laboratoire� via les syst�emes techniques
�par exemple� les syst�emes hydrom�etallurgiques� di��erents types de syst�emes �energ�etiques et les syst�emes
de d�echets�� �a des syst�emes plus vastes dans la nature �par exemple� les cycles g�eochimiques globaux� et le
transport de compos�es contenant des m�etaux et d�autres produits chimiques dans les syst�emes des eaux de
surface et souterraines�� L�accent est mis sur la mod�elisation des r�eactions chimiques et des �equilibres� et
la majeure partie de ce livre traitera donc des probl�emes chimiques� Cependant� les processus physiques
tels que le transport de mati�ere �di�usion� convection et dispersion� sont importants dans l��evolution
chimique des eaux souterraines et de surface� et ils seront donc aussi trait�ees� Avant d�entrer dans les
d�etails de la mod�elisation chimique� nous d�etaillerons une partie de la terminologie employ�ee et certaines
strat�egies de mod�elisation employ�ees�

Un syst�eme est la partie du monde physique que le mod�eliseur veut d�ecrire et o�u tous les processus
importants du mod�ele sont suppos�es avoir lieu� Les conditions aux limites sont les donn�ees quantitatives
de l��etat initial et des limites physiques du syst�eme� Les conditions aux limites sont n�ecessaires pour
exposer le fonctionnement du mod�ele �et� de fa�con incompl�ete� celui du monde physique��

Il existe des proc�edures o�cielles qui peuvent �etre utilis�ees dans l�analyse et la description de syst�emes
complexes  il existe m�eme une discipline scienti�que� analyse de syst�emes ou d�op�erations� qui traite des
probl�emes de ce type� En principe� l�analyse d�un syst�eme suit le sch�ema donn�e dans les Figures I�� et
I�� �pages � et ��� Dans ce chapitre� nous pr�esenterons une premi�ere argumentation sur plusieurs types
de mod�eles et comment� et dans quels contextes� ils sont utilis�es�

Les mod�eles sont utilis�es en science et en technologie comme des outils ! par choix et par n�ecessit�e�
ils sont incomplets et d�ecrivent seulement les aspects de la �r�ealit�e� que le mod�eliseur consid�ere utiles
�a la compr�ehension et �a la description du syst�eme �r�eel�� Il en d�ecoule que la mod�elisation peut �etre
e�ectu�ee �a di��erents niveaux de sophistication� et que les �el�ements n�ecessaires sont des approximations
de plusieurs sortes� bas�ees sur les conceptions du probl�eme consid�er�e�

I���� Le besoin des mod�eles

Pourquoi donc utilisons�nous des mod�eles � Oreskes� Shrader�Frechette et Belitz 	��ORE�SHR� exposent
que �Les mod�eles peuvent corroborer une hypoth�ese en apportant des preuves pour renforcer ce qui peut
d�ej�a �etre �etabli par d�autres moyens� Les mod�eles peuvent aussi expliquer les divergences d�autres mod�eles�
Les mod�eles peuvent aussi �etre utilis�es pour des �etudes de sensibilit�e  pour r�epondre aux questions
�qu�est�ce qui se passerait si� � ���  mettant ainsi en �evidence les points du syst�emes qui ont besoin d��etre
�etudi�es et o�u l�on a besoin de plus de donn�ees� Ainsi� le premier but des mod�eles est heuristique � les
mod�eles sont des repr�esentations utiles pour diriger des recherches plus approfondies� mais pas susceptibles
d�apporter des preuves�� C�est un expos�e raisonnable du point de vue des sciences naturelles� Cependant
les mod�eles ne sont pas seulement utilis�es pour conduire des �etudes plus approfondies� mais aussi pour
�evaluer les performances d�un syst�eme dans le temps� pour v�eri�er sa conformit�e avec les crit�eres de
performance et d�aider �a la prise de d�ecisions� comme le montre la Figure I�� �p����
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La prise de d�ecisions est souvent vue comme un choix rationnel entre plusieurs possibilit�es connues�
C�est une vision tr�es simpliste� beaucoup de d�ecisions doivent �etre prises �ne pas prendre de d�ecision
en est une "� dans un contexte de v�eritable incertitude sur les donn�ees et les mod�eles� Un rem�ede est
l�utilisation d�hypoth�eses �conservatives�� On peut trouver des exemples dans la gestion des d�echets
toxiques� comprenant les d�echets nucl�eaires� o�u les mod�eles sont souvent �irr�ealistes� sur certains d�etails�
mais ceci est tol�er�e �a condition que les mod�eles fassent des erreurs du c�ot�e conservatif �c�est��a�dire� ils
surestiment les e�ets n�egatifs d�une d�ecision��

I���� V�eri�cation et validation des mod�eles

La v�eri�cation et la validation sont des probl�emes importants lorsque l�on examine et que l�on utilise
des mod�eles� Une di�cult�e est que les termes ont di��erentes connotations pour di��erentes personnes�
V�eri�er� selon la plupart des dictionnaires� signi�e a�rmer ou �etablir la v�erit�e� Dire qu�un mod�ele est
v�eri��e implique que son exactitude a �et�e �etablie et qu�il peut �etre utilis�e comme base pour la prise de
d�ecisions� ou comme composant dans d�autres mod�eles� La v�eri�cation est aussi utilis�ee pour montrer
la capacit�e d�un certain code de calculs �a r�esoudre correctement les �equations r�egissantes� Pour cela� on
compare les solutions num�eriques avec celles d��etudes de r�ef�erences ou avec des solutions analytiques� et
on montre qu�elles sont �equivalentes sous les conditions dans lesquelles le mod�ele est utilis�e�

Par validation� on n�entend pas forc�ement �etablissement de l�exactitude� mais montrer que le mod�ele
n�a pas de d�efaut d�etectable ou d�erreur de logique� En gestion des d�echets nucl�eaires� ce terme est
employ�e dans un autre sens� La Commission de la r�eglementation nucl�eaire des �Etats�Unis �US Nuclear
Regulatory Commission� la d�e�nit comme le processus pour obtenir �l�assurance qu�un mod�ele� utilis�e
dans un code de calcul� est une repr�esentation correcte du processus ou du syst�eme pour lequel il est
destin�e�� alors que le Minist�ere de l��energie des �Etats�Unis �US Department of Energy� d�e�nit la valida�
tion comme �un processus dont l�objectif est d��etablir que le code ou le mod�ele re��ete e�ectivement le
fonctionnement du monde r�eel�� L�Agence internationale de l��energie atomique consid�ere que des mod�eles
sont valid�es quand on est s�ur qu�ils �donnent une bonne repr�esentation des v�eritables processus qui se
produisent dans le syst�eme r�eel�� La terminologie employ�ee par les professionnels des d�echets nucl�eaires
est maladroite car elle a tendance �a induire en erreur les scienti�ques et les personnes qui n�ont pas de
connaissance dans ce domaine� Il existe des argumentations int�eressantes sur ces probl�emes par Konikow
et Bredehoft 	��KON�BRE�� de Marsily� Combes et Goblet 	��MAR�COM�� et par Oreskes� Shrader�
Frechette et Belitz 	��ORE�SHR�� Voici une citation tir�ee de la derni�ere de ces r�ef�erences � �aucune
proposition g�en�erale empirique sur le monde naturel ne peut �etre certaine� Cela ne d�epend pas du nom�
bre d�informations que l�on a� il y aura toujours la possibilit�e que plus d�une th�eorie puisse expliquer les
observations e�ectu�ees��

I���� Les phases de la mod�elisation pour des syst�emes complexes

La Figure I��� p��� d�ecrit raisonnablement bien les situations rencontr�ees en mod�elisation lorsqu�on es�
saye de d�ecrire des syst�emes relativement simples tels que ceux que l�on trouve dans les recherches en
laboratoire� La plupart des syst�emes rencontr�es dans la nature ont des degr�es de complexit�e bien plus
importants et l�approche de la mod�elisation doit �etre modi��ee��elabor�ee de fa�con adapt�ee� La Figure I���
p��� donne une meilleure� bien que sch�ematique� description de la proc�edure�

La partie essentielle de ce processus est la formulation des objectifs pour le mod�ele� la documentation
sur le cadre scienti�que pour l�analyse� et les jugements d�experts e�ectu�es� C�est la logique du mod�ele�
elle doit �etre transparente pour tous les utilisateurs�

L�analyse peut �etre faite en utilisant l�ensemble des �proc�edures� suivantes �

� Choix des sc�enarios� C�est une description avec des mots du syst�eme et des FEPs �Features� Events
and Processes� qui ont lieu dans celui�ci� Les �principaux� FEPs sont d�e�nis �ou pos�es comme
hypoth�eses� par le mod�eliseur qui se base sur le niveau actuel de description�compr�ehension du
syst�eme� mais aussi sur des crit�eres de performance �voir Tableau XIII�� p� ���� par exemple��
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Les FEPs peuvent varier largement de ceux qui peuvent �etre formul�es en termes scien�
ti�ques�techniques �a ceux qui traitent des probl�emes sociaux et de comportement� Nous ne
traiterons que des premiers� Cependant� les derniers sont peut��etre souvent plus important pour la
r�ealisation d�un syst�eme et pour la d�ecision �nale d�implanter ou non un certain syst�eme technique�

� Choix des mod�eles conceptuels� C�est le processus par lequel le mod�eliseur choisit les th�eories
scienti�ques appropri�ees� les mod�eles et les donn�ees qui seront utilis�es pour d�ecrire les processus
d�e�nis dans les divers sc�enarios de description� En g�en�eral� celui�ci n�ecessite aussi diverses approxi�
mations physiques et chimiques� Dans beaucoup de cas� les donn�ees sont d�ependantes du mod�ele�
et il n�est pas toujours possible d�utiliser des donn�ees exp�erimentales �evalu�ees par un mod�ele dans
un autre�

� Transcription en mod�eles math�ematiques� C�est le processus par lequel le mod�eliseur transcrit les
mod�eles conceptuels dans une forme appropri�ee pour calculer les propri�et�es utiles d�un syst�eme
avec des hypoth�eses donn�ees� Ceci requiert �a peu pr�es toujours des approximationsmath�ematiques
de toutes sortes�

� Calculs� C�est apparemment la partie la plus simple de cet exercice� Cependant il faut utiliser
des codes de calculs qui sont bien test�es et qui n�ont pas de probl�emes d�instabilit�es num�eriques
	��KON�BRE�� Un probl�eme particulier et di�cile est le couplage de di��erents processus� par
exemple� les processus r�eactionnels chimiques et ceux de transfert de mati�ere tels que la di�usion
et la convection� Ce probl�eme sera trait�e dans le Chapitre XII�

La conception des mod�eles devrait �etre dict�ee par les questions auxquelles le mod�ele est suppos�e
r�epondre� une t�ache cl�e est de s�eparer les caract�eristiques signi�catives des moins importantes�

I�� Syst�emes de laboratoire vs� syst�emes complexes rencontr�es dans la nature et en
science�technologie

Il faut �etre conscient des tr�es grandes di��erences entre les syst�emes de laboratoire et d�autres bien plus
compliqu�es tels que ceux rencontr�es dans la nature ou en science�technologie� Cette partie a seulement
pour but de donner au lecteur une id�ee de la nature de ces di��erences et de comment elles agissent sur
les strat�egies de mod�elisation�

La Figure I��� p�
� montre les caract�eristiques des syst�emes de laboratoire et de ceux de la nature�
Les syst�emes �de laboratoire� sont utilis�es pour d�evelopper de nouvelles th�eories scienti�ques ou pour

�etendre ou approfondir celles qui existent d�ej�a� Pour cela� on simpli�e et on contr�ole le syst�eme autant que
possible �a l�int�erieur du champ d�application du probl�eme� Une caract�eristique est que les observations
exp�erimentales d�etaill�ees sont utilis�ees pour faire sous la forme d�une nouvelle ou d�une am�elioration d�une
th�eorie� c�est��a�dire� les donn�ees de laboratoire permettent le d�eveloppement des mod�eles pour d�ecrire
des syst�emes plus complexes par une approche �ascendante��

Exemple � �

�Etude d�un �equilibre 	
�ROS�ROS� ��SIL� ��ROS�ROS� 
�HAR�BUR�� c�est��a�dire� l�interpr�etation de
donn�ees chimiques sur une solution en termes mod�ele chimique de solution� est un exemple typique de
mod�ele de laboratoire� Les donn�ees sur la solution chimique pourraient �etre� par exemple� des donn�ees
spectrophotom�etriques ou de forces �electromotrices �f�em� comme des mesures de pH� Elles sont in�
terpr�et�ees en termes de r�eactions �equilibr�ees �acides�bases� complexation� solubilit�e� etc�� pour obtenir
des valeurs de constantes d��equilibre �voir aussi la partie II���
��

Un autre exemple est la d�etermination des esp�eces chimiques� c�est��a�dire� la forme chimique des
di��erents constituants d�un syst�eme �a l��equilibre� en utilisant des donn�ees� d�ej�a existantes� sur des solu�
tions chimiques �des constantes d��equilibre�� Voir la Figure II��� p� 
�� par exemple� Dans des syst�emes
qui ont beaucoup de constituants� il faut utiliser un code de calcul adapt�e� mais il faut aussi des mod�eles
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pour recalculer les constantes d��equilibre disponibles pour qu�elles soient correctes dans le milieu ionique��a
la force ionique et �a la temp�erature du syst�eme� Il peut aussi �etre n�ecessaire d�estimer la composition
et les donn�ees thermodynamiques des esp�eces chimiquement raisonnables� mais� pour lesquelles� aucune
donn�ee quantitative n�est disponible�

Les mod�eles de ce type sont souvent des sous�mod�eles dans les mod�eles plus complexes� L�information
et la compr�ehension scienti�ques� sur lesquels ces mod�eles sont bas�es� sont souvent assez bonnes� et une
importante partie de livre traite de la description des caract�eristiques des mod�eles de ce type�

Les codes de calculs typiques pour ce type de mod�ele �d�etermination des esp�eces chimiques
pr�esentes �a l��equilibre� sont HALTAFALL� d�evelopp�es par Sill�en et al� 	
�ING�KAK� ��EKE�SIL�
��WAR�ING�� SOLGAS et SOLGASWATER� par Eriksson 	��ERI� ��ERI�� EQ��
 par Wollery
	
�WOL� 

WOL� ��WOL�JAC�� PHREEQE� par Plummer et al� 	
�PAR�THO� 
�FLE�PLU�


PLU�PAR�PLU�PAR�� etc� Les codes MINEQL de Westall et al� 	�
WES�ZAC� ��WES� 
�SCH�


WES� �voir http���www�agate�net��ersoftwr�homepage�html�� HYDRAQL de Lecckie et son
�equipe 	

PAP�HAY�� et MINTEQ 	
�PET�HOS� sont aussi de ce type� mais ils comprennent aussi la
possibilit�e de mod�eliser les esp�eces chimiques pr�esentes sur une surface �voir Chapitre VII�� Nordstrom
et al� ont aussi examin�e et compar�e des codes de ce type 	��NOR�PLU� 
�NOR�BAL��

Exemple � �

Les mod�eles hydrologiques d�ecrivent des �ev�enements dynamiques� c�est��a�dire� le mouvement de l�eau dans
des milieux de di��erents types� Ils peuvent aussi �etre class�es dans la cat�egorie des mod�eles �simples��
c�est��a�dire qu�ils d�ecrivent seulement un processus particulier dans un syst�eme� Ceci ne veut pas dire que
les approximations physiques et math�ematiques n�ecessaires pour d�ecrire le syst�eme et pour calculer les
propri�et�es du mod�ele sont simples� voir 	��KON�BRE� et 	��MAR�COM�� Un r�esum�e des caract�eristiques
de ce type de mod�eles est donn�e dans les Chapitres XI et XII�

Les syst�emes o�u l�on doit coupler les transferts de mati�ere et les r�eactions chimiques ne tombent pas
dans la m�eme cat�egorie que ceux des Exemples � et �� Les probl�emes informatiques qui surviennent
quand on calcule les propri�et�es du syst�eme sont maintenant s�erieux et requi�erent une prise en compte
pr�ecautionneuse de l��echelle de temps des r�eactions chimiques compar�ee �a celle du transport et aussi des
dimensions du probl�eme� c�est��a�dire� si un probl�eme particulier n�ecessite un mod�ele tri�dimensionnel�
ou si un bi� ou un mono� ne su�t pas� La di��erence en stabilit�e num�erique et en temps de calcul sera
tr�es importante entre ces trois cas� Ce domaine est� ici� hors sujet et les lecteurs peuvent consulter la
bibliographie des Chapitres XI et XII pour plus de d�etails� Des probl�emes �simples� de ce type sont
bien connus en g�enie chimique pour la description d�op�erations en colonne de plusieurs sortes telles que
l��echange ionique et l�extraction liquide�liquide� Les probl�emes sont simples� c�est��a�dire que les processus
chimiques et physiques du syst�eme sont bien connus et compris�

Les syst�emes �complexes� repr�esentent quelque chose de tr�es di��erent et ne peuvent pas �etre attaqu�es
avec la m�ethode �ascendante�� et� ceci pour plusieurs raisons �

� Le haut degr�e de complexit�e peut conduire �a des interactions inconnues entre les processus et les
constituants� Plus le degr�e de complexit�e est grand� plus ces interactions inconnues peuvent �etre
d�importance�

� La grande complexit�e rend l�utilisation de mod�eles� qui d�ependent de la description m�ecanistique
d�etaill�ee des processus chimiques et physiques du syst�eme� impossible� car le rassemblement des
informations n�ecessaires peut changer les propri�et�es du syst�eme� Pour obtenir des informations
sur un d�ep�ot de d�echets souterrain� il faudrait faire d�importants forages ou excavations qui chan�
geraient les propri�et�es du site� Un probl�eme suppl�ementaire est que le co�ut en temps d�utilisation
d�ordinateurs augmente rapidement avec la complexit�e�

� Les propri�et�es macroscopiques observ�ees du syst�eme peuvent �etre compatibles avec di��erents
mod�eles� c�est��a�dire� il y a un probl�eme avec l�unicit�e des mod�eles�
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Dans ces cas� la description�mod�elisation d�un syst�eme complexe doit commencer avec son comporte�
ment�son fonctionnement macroscopique� et le probl�eme cl�e est r�eellement de morceler le syst�eme �en
sous�syst�emes�� de telle fa�con que tous les facteurs utiles qui peuvent in�uencer leur fonctionnement soient
pris en compte� C�est une approche �descendante� ou bas�ee sur les objectifs� La description�mod�elisation
doit �etre ouverte� en ce sens qu�il y a une r�e�evaluation continue de l�approche utilis�ee au fur et �a mesure
que de nouvelles informations deviennent disponibles � tester les hypoth�eses et les synth�eses forment une
boucle sans �n�

I�� M�ethodologie pour la mod�elisation de syst�emes complexes

Des m�ethodologies sp�eciales ont �et�e d�evelopp�ees pour se tenir au courant des di��erents �ev�enements
et param�etres qui pourraient a�ecter la fonction des syst�emes complexes� et pour identi�er les plus
importants d�entre�eux� Il faut entreprendre ce processus de mani�ere �a ce que toutes les mesures prises
et la logique de toute d�ecision soient bien d�ecrites� Ceci conduit �a une cha	
ne de �sous�mod�eles� Le degr�e
de d�etail doit �etre coh�erent �a l�int�erieur de la cha�#ne de mod�eles et adapt�e au probl�eme consid�er�e� Le
processus doit �etre �transparent� pour �etre repris si n�ecessaire�

Cette analyse de �cause �a e�et� est tr�es utile pour l�examen des probl�emes complexes� L�importance
relative des di��erentes interactions peut aussi �etre �evalu�ee qualitativement ou quantitativement� C�est une
�etape n�ecessaire pour simpli�er le syst�eme avant de commencer les calculs syst�ematiques� Les m�ethodes
suivantes sont largement utilis�ees pour construire des mod�eles pour des syst�emes complexes �

� Analyse par �ev�enements ou par arbre des erreurs� Cette m�ethodologie est utilis�ee pour d�ecrire
le comportement d�un syst�eme en termes de FEPs qui sont bien connus ou qui peuvent �etre
estim�es avec un haut degr�e de certitude� L�analyse par arbre des erreurs a �et�e d�evelopp�ee pour
l�analyse de risques et l��evaluation de s�uret�e de structures industrielles �a grande �echelle telles que
les usines chimiques �par exemple� pour la production d�explosifs et de produits p�etrochimiques�
et les centrales nucl�eaires� La Figure I��� p��� montre une analyse standard� par arbre des erreurs�
pour les descriptions de sc�enarios d�un syst�eme �a quatre FEPs� et illustre comment la cha�#ne des
�ev�enements peut avoir lieu� Remarquez la structure �binaire�� soit les �ev�enements ont lieu avec
une certaine probabilit�e� soit ils n�ont pas lieu� Il est bien connu qu�il est di�cile de donner des
probabilit�es �a des FEPs en rapport avec la g�eologie ou avec l�homme�

� Diagrammes d�in�uence des processus avec la documentation qui s�y rapporte� Un autre moyen
pour d�ecrire un syst�eme et sa fonction est de construire des PIDs �Process In�uence Diagrams��
o�u les FEPs sont repr�esent�es par des bo�#tes et les interactions par des ��eches entre les bo�#tes
	��CHA�AND�� Un PID tr�es simpli��e est pr�esent�e par la Figure I��� p���� et un autre exemple est
donn�e au Chapitre XIII� On utilise la proc�edure suivante �

� un examen et une documentation syst�ematiques sur les FEPs et sur les interactions qui
peuvent a�ecter la performance du syst�eme !

� documentation sur les d�ecisions prises au cours du d�eveloppement des sc�enarios pour s�assurer
la possibilit�e de revenir sur le processus !

� construction d�un diagramme des in�uences fondamentales� et �a partir de l�a� les diagrammes
d�in�uence sur les sc�enarios !

� formulation des sc�enarios et les cas de calculs�

� Le diagramme d�interactions ou l�approche des �Rock Engineering Systems
 �RES�� C�est un autre
type de diagrammes d�interactions o�u l�on utilise une matrice carr�ee pour d�ecrire les FEPs et leurs
interactions� Une description compl�ete de ces diagrammes est donn�ee dans 	��HUD�� Les FEPs
sont plac�es sur la diagonale de la matrice carr�ee et les interactions sont repr�esent�ees par les termes
non diagonaux� La Figure I�
� p���� repr�esente un syst�eme �a quatre FEPs et douze ��
 � �� termes
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non�diagonaux� Voir 	��ENG�HUD�� Supposons que nous voulions savoir comment une variable D
agit sur B� Cela peut se produire par une interaction directe non�diagonale DB ou� indirectement�
au travers d�autres FEPs du syst�eme� Un cha�#ne d�in�uence de ce type �D�A�C�B� est indiqu�ee
sur la Figure� La variable D a�ecte la variable B par l�interm�ediaire de trois interactions DA� AC
et CB� Les fa�cons dont une certaine variable in�uence les autres sont d�ecrites par les interactions
situ�ees dans la ligne de cette variable� Les fa�cons dont une certaine variable est in�uenc�ee par les
autres sont d�ecrites par les interactions situ�ees dans la colonne de cette variable�

En plus de ces m�ethodologies de mod�elisation� il faut aussi tenir compte d�incertitudes �

� L�incertitude sur les sc�enarios utilis�es� Celle�ci in�uencera� tour �a tour� les autres types
d�incertitudes�

� L�incertitude sur la d�e�nition du syst�eme� C�est la principale incertitude lorsque l�on veut d�ecrire
des syst�emes de la nature� Elle est li�ee �a l�h�et�erog�en�eit�e du syst�eme et au manque d�information
propre sur toutes ces parties� On trouve les m�emes types fondamentaux d�incertitudes dans les
limites du syst�eme�

� L�incertitude sur les donn�ees� par exemple� les constantes d��equilibre� la porosit�e eu �egard �a
l��ecoulement� etc� Une partie de ce livre traitera des incertitudes sur les donn�ees chimiques�

� L�incertitude sur la compr�ehension des m�ecanismes des processus qui ont lieu dans le syst�eme� Cela
peut d�ej�a �etre un probl�eme dans les syst�emes de laboratoire ! cependant� des recherches scienti�ques
fondamentales sont entreprises pour r�esoudre les probl�emes de ce type� Il n�est pas simple d�obtenir
un aper�cu m�ecanistique d�etaill�e de nombreux syst�emes rencontr�es dans la nature� Ce probl�eme est
encore plus grave lorsque des descriptions sur une longue p�eriode sont n�ecessaires� C�est le cas� par
exemple� lorsque l�on veut mod�eliser l�impact des syst�emes technologiques sur l�environnement�
La compr�ehension des m�ecanismes constitue aussi une part importante des parties qui traitent de
chimie dans ce livre�

Le mod�eliseur doit �etre capable de se d�ebrouiller avec les incertitudes et aussi avec les simpli�cations
n�ecessaires pour rendre possible une interpr�etation scienti�que des syst�emes complexes� Les Chapitres
suivants de ce livre traiteront principalement de la base scienti�que pour les mod�eles relativement simples�
Cependant� ces derniers sont souvent des sous�mod�eles dans des structures de mod�eles plus compliqu�ees�
m�eme s�ils n�en font pas directement partie� Dans la partie suivante� nous donnerons quelques exemples
suppl�ementaires qui pourront �etre utiles au lecteur�

I�� Quelques mod�eles physiques et chimiques simples

Il y a une importante di��erence entre les mod�eles qui sont utilis�es pour des interpolations dans un
syst�eme sp�eci�que et ceux utilis�es pour faire des extrapolations ou des pr�evisions sur le comportement du
syst�eme en dehors des conditions qui ont �et�e �etudi�ees� Les premiers ne requi�erent pas n�ecessairement de
connaissance d�etaill�ee de ce qui se passe dans le syst�eme� et les valeurs des propri�et�es n�importe o�u dans
le syst�eme sont d�eduites des valeurs exp�erimentales en utilisant une fonction empirique quelconque�

Les connotations d�extrapolation et de pr�evision sont quelque peu di��erentes� la premi�ere s�applique
�a un processus fond�e sur une solide base scienti�que� la derni�ere indique quelque chose de plus vague�
Cependant� ces deux termes sont souvent utilis�es comme synonymes�

Quand nous traitons d�extrapolation et de pr�evision dans le contexte de ce livre� nous supposons que
les syst�emes �se comportent raisonnablement bien�� c�est��a�dire� les forces agissant sur� ou �a l�int�erieur
du syst�eme sont si faibles que le syst�eme ne se comportera pas de fa�con chaotique�

Etudions un exemple simple pour illustrer les points mentionn�es ci�dessus�

��



Introduction

Exemple � � D�ecroissance radioactive

Gr�ace �a certaines observations exp�erimentales� nous savons que certains �el�ements ne sont pas stables et
qu�ils sont transform�es par des processus intranucl�eaires en nouveaux �el�ements qui� �a leur tour� peuvent
aussi �etre instables� La cha�#ne des �el�ements instables se termine �nalement par un �el�ement stable� La
th�eorie qui d�ecrit la d�ecroissance radioactive donne la vitesse de d�ecroissance suivante du noyau p�ere �a
l��el�ement �ls �

dN
dt

� ��N �I���

o�u � est une constante et N le nombre de noyaux p�eres au temps t� Supposons maintenant que nous
ayons un syst�eme isol�e� compos�e d�un certain �el�ement radioactif� Pour des conditions aux limites donn�ees
�valeurs connues de � et de N� � c�est��a�dire� N �a t � �� nous pouvons int�egrer l��equation pr�ec�edente
et calculer le nombre d�atomes de notre syst�eme �a n�importe quel instant dans le futur� La pr�ecision de
nos pr�evisions d�epend de celle avec laquelle nous connaissons � et de N�� C�est un syst�eme simple� et la
communaut�e scienti�que serait certainement d�accord pour dire qu�il est possible de faire des pr�evisions
tr�es pr�ecises sur son comportement futur� m�eme sur des p�eriodes extr�emement longues� Ce n�est pas
inint�eressant� Nous savons ce que deviendra la radioactivit�e au cours du temps dans les futurs d�ep�ots
pour d�echets nucl�eaires�

Les scienti�ques ont utilis�e la m�eme th�eorie scienti�que pour dater des syst�emes g�eologiques et d�autres
encore� Les s�eries de d�ecroissance radioactive de l����U et du ���Th ont �et�e utilis�ees en datation� Dans
un syst�eme g�eologique non modi��e� su�samment vieux� l�activit�e du nucl�eide p�ere est la m�eme que celle
de chacun de ses nucl�eides descendants ��equilibre s�eculaire�� Cependant� dans un syst�eme ouvert� les
di��erences chimiques entre le nucl�eide p�ere et ses nucl�eides descendants peuvent conduire �a des pertes
pr�ef�erentielles en certains �el�ements� et les rapports d�activit�es ne valent plus un 	��OSM�IVA�� et nous
devons en savoir plus sur la chimie� la g�eologie et l�hydrologie du syst�eme pour le dater� Ces donn�ees
sont bien plus incertaines que la th�eorie de la d�ecroissance radioactive� C�est pourquoi� les datations sont
plut�ot incertaines� m�eme si la th�eorie derri�ere l�Eq� I�� est tr�es bien �etablie�

I�	 Dans quelles circonstances pouvons nous faire des pr�evisions sur l
�evolution des
syst�emes chimiques au cours du temps �

L��evolution des syst�emes chimiques dans le temps d�epend de la possibilit�e des r�eactions chimiques� Quand
ils parlent de r�eactions� les chimistes distinguent deux situations limites� les r�eactions sous contr�ole
thermodynamique et celles sous contr�ole cin�etique�

Exemple � �

Comme exemple de syst�eme sous contr�ole thermodynamique� nous pouvons prendre un diagramme de
phase pour un syst�eme binaire de deux solides purs A et B� et une solution solide S� comme le montre la
Figure I��� p���� Le syst�eme est �a pression constante et il n�y a pas d��echange de mati�ere avec l�ext�erieur�
Nous pouvons toujours pr�edire l��evolution de ce syst�eme au cours du temps� Dans les limites d�une phase�
rien n�arrivera si nous changeons les variables du syst�eme� Quand une fronti�ere de phase est franchie� le
syst�eme changera comme c�est indiqu�e sur le diagramme� Cependant� ce diagramme ne nous dit rien sur
la vitesse de ce processus� Cet exemple peut sembler trivial� mais il a des applications techniques�

La dur�ee de vie technique des mat�eriaux est souvent contr�ol�ee par la vitesse de corrosion et il est
important d��etre capable de l�estimer pour choisir le bon mat�eriau pour di��erents types d�installations�
Pour �evaluer la long�evit�e des mat�eriaux� on utilise des tests acc�el�er�es� Ils sont bas�es sur le simple
principe que les vitesses des r�eactions chimiques augmentent avec la temp�erature� De cette fa�con� on
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peut �comprimer� l��echelle de temps pour faire les tests� C�est une excellente m�ethode� �a condition que
le m�ecanisme de corrosion soit le m�eme dans le domaine de temp�erature utilis�ee� Cependant� s�il y a un
changement de phase quand la temp�erature augmente� il n�y a aucune raison de croire que le m�ecanisme
de corrosion reste inchang�e�

En g�en�eral� les processus de corrosion sont contr�ol�es par des facteurs cin�etiques et� pour les d�ecrire� on
a besoin de connaissances d�etaill�ees de ce qui se passe au niveau atomique�mol�eculaire� La plupart du
temps� on ne peut acc�eder �a de telles connaissances que pour des syst�emes tr�es simples� et les pr�evisions
concernant le comportement au cours du temps de syst�emes plus compliqu�es est donc �a la fois di�cile et
incertain�

Exemple � � Estimation de la corrosion de mat�eriaux m�etalliques sur de longues p�eriodes de temps

Le probl�eme concerne la pr�evision de la durabilit�e des conteneurs en m�etal pour d�echets toxiques� Les
conteneurs peuvent �etre soit d�epos�es au fond des oc�eans soit dans un d�ep�ot pour d�echets nucl�eaires� creus�e
dans la roche� dans un milieu g�eologique quelconque� La Figure I�
� p���� montre sch�ematiquement le
croquis d�un d�ep�ot souterrain�

De fa�con �a �evaluer les conditions chimiques et les r�eactions importantes pour la s�uret�e du d�ep�ot sur
de longues p�eriodes de temps �

� Le syst�eme et ses environs doivent �etre d�ecrits� ce qui comprend une d�ecision sur les limites du
syst�eme�

� Les param�etres chimiques cl�es du syst�eme doivent �etre identi��es�

� Il faut d�ecider si la corrosion est sous contr�ole thermodynamique ou cin�etique�

La corrosion est un processus chimique qui d�epend du mat�eriau du conteneur m�etallique et des pro�
pri�et�es physiques et chimiques de son environnement� Ces derni�eres sont d�etermin�ees par la localisation
du d�ep�ot� Ceci d�eterminera aussi les gradients hydrauliques dans le d�ep�ot� c�est��a�dire� les forces agissant
sur le �ux des eaux souterraines et� donc� le transport d��eventuels produits chimiques corrosifs vers le
conteneur et� une fois ses parois franchies� de produits toxiques du conteneur �aussi bien sous forme de
particules que dissoute��

Un chimiste serait rapidement capable d�identi�er les param�etres chimiques importants dans des
syst�emes de ce type� par exemple� pH� le potentiel d�oxydor�eduction du syst�eme et la pr�esence de produits
sp�eci�ques qui peuvent causer une corrosion importante�

La Figure I��� p��
� pr�esente des diagrammes de Pourbaix simpli��es� �voir Chapitre II� p� 
��� qui
montrent les propri�et�es de la corrosion du fer et du cuivre dans l�eau pure� Des diagrammes pour
d�autres m�etaux se trouvent dans �L�Atlas� de Pourbaix 	��POU�� Cette Figure indique les domaines o�u
la corrosion est thermodynamiquement impossible �immunit�e�� ceux o�u la corrosion forme une couche
protectrice qui arr�ete sa propagation �le terme technique est passivation�� et� �nalement� ceux o�u il y a de
la corrosion active� Quand un m�etal est passiv�e� la corrosion est toujours sous contr�ole cin�etique� Dans
la r�egion o�u un mat�eriau est thermodynamiquement stable� il est facile de pr�edire son comportement sur
de longues p�eriodes de temps � rien ne changera tant que les conditions ext�erieures resteront inchang�ees�
Avec des diagrammes de ce type� nous pouvons aussi distinguer les conditions dans lesquelles la corrosion
se produit� Pour le cas du cuivre� l�oxyg�ene et le soufre peuvent accroitre la corrosion� Cependant� le
diagramme ne donne pas d�informations sur la vitesse de ce processus�

Dans le syst�eme que nous examinons� il y a deux types de processus cin�etiques� L�un est d�etermin�e
par la vitesse des r�eactions chimiques �a l�interface entre le conteneur et l�eau� l�autre par la vitesse de
transport de substances corrosives dans l�eau jusqu��a la surface du conteneur�

Le syst�eme est plus compliqu�e que la plupart des syst�emes de laboratoire� en particulier si nous consi�
d�erons que le processus durera longtemps� Dans ce contexte� longtemps signi�e plus de ��� ans� Nous
pouvons nous demander comment juger si les pr�evisions sont raisonnables ou non� Le Tableau I�� donne
des conseils sur ces jugements � la �pr�ecision� estim�ee est seulement bas�ee sur des estimations r�ealis�ees
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par les auteurs� Un examen plus d�etaill�e sur la corrosion du cuivre dans les syst�emes souterrains est
donn�e dans 	��WER�SPA�� en utilisant un mod�ele o�u les processus� �a la fois� chimiques et de transport
sont pris en compte�

Faisons� maintenant� un r�esum�e �

� Les extrapolations sur une longue p�eriode de temps doivent utiliser des mod�eles bas�es sur une
th�eorie�

� Plus le syst�eme est compliqu�e� plus il est di�cile de faire des pr�evisions pr�ecises�

� L�incertitude sur une pr�evision d�epend des incertitudes sur les th�eories� les mod�eles et les conditions
aux limites�

La Figure I��� p��� indique comment on proc�ede pour �valider� un syst�eme simple� Dans les syst�emes
compliqu�es� on ne peut pas utiliser cette proc�edure� Il n�est pas possible de tester les pr�evisions du
d�eveloppement du syst�eme� r�ealis�ees avec un mod�ele� alors que des modi�cations ont lieu dans son
environnement� ou dans son comportement� sur de tr�es longues p�eriodes de temps� Nous devons nous
appuyer sur d�autres m�ethodes dont la plupart sont bas�ees sur l�hypoth�ese que si nous pouvons d�ecrire
l��etat actuel du syst�eme� alors les m�emes mod�eles pourront �etre utilis�es pour pr�evoir son comportement
quand les variables du syst�eme seront chang�ees� Les extrapolations sur de longues p�eriodes de temps sur
le comportement des syst�emes sont souvent r�ealis�ees en utilisant des art�efacts et des analogues naturels�
La question est alors de savoir si on peut utiliser les informations collect�ees par postdictions ��d�eductions
du pass�e�� sur un syst�eme pour �evaluer la pr�ecision des pr�evisions sur le m�eme ou sur des syst�emes
similaires�

La corrosion du cuivre sur de longues p�eriodes de temps peut �etre �evalu�ee d�apr�es des art�efacts
arch�eologiques� �a condition qu�il y ait des informations sur la chimie de son environnement sur la p�eriode
consid�er�ee� De telles informations sont disponibles� par exemple� pour les objets trouv�es dans les milieux
marins �dans l�eau ou dans les s�ediments d�epos�es� 	

HAL�OES�� En �etudiant l��etendue de la corrosion
de ces objets� on obtient des informations �a la fois sur l�ampleur de la corrosion et sur sa distribution sur
la surface du mat�eriau ��piq�ures���

D�apr�es ce que nous avons vu� il est �evident que l�on ne peut jamais v�eri�er� sur de longues p�eriodes de
temps� le comportement pr�evu de syst�emes compliqu�es� Malgr�e tout� il peut �etre n�ecessaire de faire des
pr�evisions de ce type� Les extrapolations du comportement de syst�emes techniques en service ne semblent
pas n�ecessaires sur plus de �� �pour les composants technologiques d�un syst�eme� �a ��� ans �par exemple�
les syt�emes de barrages�� Les syst�emes qui doivent �etre �evalu�es sur de longues p�eriodes ont� en g�en�eral�
d�importants composants non technologiques� par exemple� les e�ets de la perte de diversit�e biologique�
les e�ets socio��economiques de grands syst�emes soci�etaux pour les transports� la production d��energie�
l�agriculture� etc� Les principaux probl�emes des syst�emes de ce type sont politiques� non scienti�ques�

Nous sommes convaincus que pour prendre des d�ecisions �a propos de ces syst�emes� il est inutile de
discuter la pr�ecision des mod�eles de pr�evisions en termes absolus� De tels mod�eles peuvent aussi �etre
utilis�es pour comparer les cons�equences des di��erentes options possibles quand une d�ecision doit �etre
prise�

I�� Consid�erations suppl�ementaires sur la mod�elisation chimique

La mod�elisation chimique peut �etre utilis�ee �a des niveaux plus ou moins d�etaill�es� Cela peut impliquer
la description d�une situation dynamique o�u le syst�eme chimique est en �evolution continue� par exemple�
caus�e par des r�eactions chimiques en cours et�ou le transport de produits chimiques vers ou hors du
syst�eme�

Il peut aussi s�agir d�une description essentiellement statique� une photographie instantan�ee d�une
situation r�eelle d�un syst�eme o�u quelques variables� par exemple� les concentrations totales en constituants
chimiques� sont suppos�ees rester constantes�
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Ces descriptions �ou mod�eles� ont leur �equivalent parmi les th�eories chimiques $ a�n de faire des
expos�es quantitatifs sur les modi�cations chimiques� les chimistes utilisent deux disciplines fondamentales
la thermodynamique chimique et la cin�etique chimique� La premi�ere d�ecrit les conditions sous lesquelles
les r�eactions chimiques sont possibles et le taux de transformation des r�eactions quand l��equilibre est
atteint� Ainsi� la thermodynamique donne une mesure de la modi�cation chimique maximum qui peut
avoir lieu dans un syst�eme sous des conditions ext�erieures sp�eci��ees� On obtient comme sous�produits
des informations sur les concentrations de toutes les esp�eces chimiques sous les conditions donn�ees�

Les vitesses des r�eactions chimiques peuvent varier �enorm�ement �avec des constantes de vitesses carac�
t�eristiques de � ���� �a � ��� s�� et quelques r�eactions peuvent avoir lieu tr�es lentement m�eme �a l��echelle
de temps g�eologique� Pour mod�eliser l��evolution dans le temps d�un syst�eme chimique� nous devons
conna�#tre tous les facteurs� qui a�ectent les di��erentes vitesses de r�eactions ainsi que leur constante de
vitesse� On ne poss�ede que rarement des informations de ce type pour des syst�emes complexes� Que ce
soit un probl�eme ou non d�epend de l��echelle de temps du mod�ele� Dans beaucoup de syst�emes� les vitesses
des processus ne sont pas r�egies par les r�eactions chimiques mais par la vitesse de m�elange �par exemple�
les modi�cations chimiques d�un lac caus�ees par l�arriv�ee d�un �uide de composition di��erente de celle du
lac�� Les constantes de vitesses de beaucoup de r�eactions en solution homog�ene sont inf�erieures �a quelques
minutes�heures� une �echelle de temps qui est tr�es courte en comparaison des vitesses de m�elanges dans
la plupart des syst�emes de la nature� D�un point de vue mod�elisation� nous pouvons alors consid�erer ces
r�eactions chimiques comme instantan�ees� Pour la mod�elisation� ceci est tr�es important� car le mod�eliseur
peut d�ecoupler les r�eactions chimiques et les processus de m�elange� Si nous voulons mod�eliser l��evolution
chimique d�un syst�eme caus�ee par un m�elange� nous devons� bien s�ur� conna�#tre la vitesse du processus
physique de m�elange�

Il y a aussi un certain nombre de r�eactions chimiques qui� en l�absence de catalyseurs� ont lieu si
lentement qu�elles ne sont pas observ�ees �a l��echelle de temps du mod�ele� Dans ce cas� le mod�eliseur
n�a pas �a prendre en compte la r�eaction chimique dans son mod�ele ! on parle alors d��etat d��equilibre
m�etastable�

Les r�eactions dans des syst�emes h�et�erog�enes �quelques r�eactions de solubilit�e�pr�ecipitation� r�eactions
caus�ees par des processus d�alt�eration m�et�eorique� et des �equilibres liquide�gaz� ont souvent des vitesses
de r�eactions bien plus courtes que celles qui se produisent en solution homog�ene et la mod�elisation de
tels syst�emes pourra alors �etre bien plus compliqu�ee� Ces probl�emes seront trait�es plus loin dans le
Chapitre III�

Toute tentative de mod�elisation d�un syst�eme complexe devrait commencer avec un mod�ele thermody�
namique car cela donne une id�ee des r�eactions chimiques les plus importantes pour le syst�eme et de celles
que l�on peut n�egliger sans probl�eme� La mod�elisation thermodynamique est� �a beaucoup d��egard� une
proc�edure simple � il existe un grand nombre de codes de calculs valid�es qui peuvent �etre utilis�es pour
traiter des syst�emes d��equilibres m�eme tr�es compliqu�es� Ainsi� la r�eussite ou l��echec de la mod�elisation
d�epend de la qualit�e de la banque de donn�ees thermodynamiques utilis�ee� La banque de donn�ee doit
�etre compl�ete� c�est��a�dire que toute r�eaction chimique importante doit �etre connue� Les donn�ees ther�
modynamiques quantitatives doivent aussi avoir une pr�ecision satisfaisante� Nous examinerons ce point
rapidement�

D�autres informations �a fournir pour la mod�elisation chimique sont des donn�ees sur les concentra�
tions totales des divers constituants du syst�eme� On consid�ere� aujourd�hui que c�est essentiellement un
probl�eme de chimie analytique� Cependant� quand on d�ecrit l��evolution dans le temps d�un syst�eme� il
faut comprendre si et comment les concentrations totales peuvent changer �a cause d�une action anthro�
pog�enique ou d�autres �ev�enements�

I���� Sources de donn�ees thermodynamiques

La thermodynamique chimique est une discipline scienti�que tr�es bien �etablie et des donn�ees quantitatives
sont apparues dans la litt�erature chimique depuis plus d�un si�ecle� Des donn�ees thermodynamiques sur
divers compos�es et r�eactions chimiques se trouvent dans de nombreuses compilations de donn�ees�
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Stability Constants 	
�SIL�MAR� ��SIL�MAR� ��PER�� 
�HOG� donne des informations sur des
constantes d��equilibre de plusieurs types� Ces compilations contiennent des informations sur �a peu pr�es
toutes les donn�ees publi�ees pour un syst�eme donn�e� et les auteurs n�ont fait aucune tentative d��evaluation
critique de la qualit�e de ces donn�ees �sauf avec d�occasionnels points d�interrogation�� Les informa�
tions exp�erimentales sur le milieu ionique et la temp�erature ont �et�e report�ees partout avec la m�ethode
exp�erimentale utilis�ee� �A peu pr�es toutes les constantes d��equilibre report�ees sont exprim�ees en unit�es de
concentrations �voir Chapitre II� et les valeurs num�eriques ne sont donc valables que dans les conditions
dans lesquelles elles ont �et�e d�etermin�ees� Une version des Stability Constants est disponible sur ordinateur
et mise �a jour par IUPAC Commission on Equilibrium Data� Cette banque de donn�ees informatis�ee est
disponible chez � Academic Software� Sourby Old Farm� Timble� Otley� Yorkshire LS�� �PW� United
Kingdom �http��www�cityscape�co�uk�users�gr����

Critical Stability Constants 	��MAR�SMI� ��MAR�SMI� �
SMI�MAR� ��MAR�SMI� 
�MAR�SMI�

�SMI�MAR� est une autre compilation de constantes d��equilibre tir�ees de Stability Constants� mais les
auteurs ont fait une s�election des �meilleures� valeurs �a certaines forces ioniques sp�eci��ees� Malheureuse�
ment� on ne sait rien sur la logique utilis�ee pour faire cette s�election de donn�ees� Une version de Critical
Stability Constants est disponible sur ordinateur et mise �a jour par le National Institute of Standards and
Technology� Cette banque de donn�ees informatis�ees est disponible �a � Standard Reference Data Program�
NIST� Gaithersburg� MD ��
�������� USA �http���www�nist�gov�srd��

IUPAC Commission on Equilibrium Data� a publi�e un jeu d��evaluations critiqu�ees de constantes
d��equilibre pour quelques syst�emes m�etal � ligand choisis ��uorure 	
�BON�HEF�� edta 	��AND�� etc���
Dans la m�eme s�erie� Perrin 	
�PER� a fait une compilation des constantes d��equilibre de dissociation
d�acides et bases inorganiques qui contient des informations du type de celles rencontr�ees dans Stabil�
ity Constants� Ces compilations donnent une bonne analyse des diverses �etudes exp�erimentales� mais
n�essayent pas de mettre ces donn�ees dans un �etat de r�ef�erence commun�

Les compilations suivantes contiennent des informations thermodynamiques sous la forme d��energies
de Gibbs de formation� enthalpies de formation� entropies� capacit�es calori�ques� etc� � US Bureau of
Standards 	
�WAG�EVA�� JANAF 	
�CHA�DAV�� CODATA 	
�COX�WAG�� et les livres �ecrits par
Knacke et al� 	��KNA�KUB�� Barin 	��BAR�� et Kubaschewski et al� 	��KUB�ALC�� Les �valeurs cl�es�
de CODATA 	
�COX�WAG� ont �et�e choisies apr�es une �evaluation tr�es minutieuse des donn�ees thermo�
dynamiques existantes pour chaque compos�e� Une autre source importante est Termicheskie konstanty
weshesty �Thermal Constants of Substances�� en �� volumes� Academy of Sciences� Moscow� de ��
� �a
��
�� �edit�e par V� P� Glushko� C�est une grande compilation de donn�ees thermodynamiques pour des
phases solides� des solutions aqueuses et gazeuses� comprenant vingt livres de tableaux et de r�ef�erences�
Le m�eme �editeur a commenc�e en ��
� la s�erie des Termodinamicheskie svoistva individualnykh veshestv
�Thermodynamic properties of individual substances�� qui est� maintenant� compos�ee de huit livres con�
tenant des tableaux de donn�ees ainsi qu�une analyse des choix des meilleures valeurs et de leur incertitudes�
Une version r�evis�ee et mise �a jour de ce travail a �et�e publi�ee en anglais 	��GUR�VEY��

Les propri�et�es thermodynamiques des min�eraux et des r�eactions aqueuses int�eressantes pour
un g�eochimiste peuvent �etre trouv�ees dans 	

ROB�WAL� �
HEL�DEL� �
ROB�HEM� 
�HEL�

�HEM�HAA� ��HOL�POW� ��NOR�PLU� ��JOH�OEL� ��NOR�MUN� ��ROB�HEM��

Les deux derniers paragraphes donnent des r�ef�erences qui contiennent des donn�ees thermodynamiques
dans les conditions de l��etat standard� et �a une temp�erature de ��
��� K et une pression de ������� MPa�
Les donn�ees pour des esp�eces aqueuses se r�ef�erent �a l��etat standard de dilution in�nie� Des d�etails sur les
d�e�nitions de di��erents types de constantes d��equilibre et une analyse des conditions de l��etat standard
sont donn�ees au Chapitre II�

Des informations sur les donn�ees thermodynamiques pour des actinides� �a la fois pour les �el�ements�
leurs compos�es et leurs esp�eces aqueuses �dont les complexes inorganiques� ont �et�e compil�ees par
l�Agence internationale de l��energie atomique �IAEA� �a Vienne 	

RAN� 

LAV�GER� ��GER�LAV�
��SPE���RAN� �
ALC�JAC� �
FUG�OET� �
OET�RAN� �
COR�OHA� 
�BRE�LAM�� 
�CHI�AKH�

�SPE� 
�FUG�PAR� 
�KUB� 
�FLO�HAS� 
�GRO�DRO� 
�HOL�RAN� 
� HIL�GUR� ��FUG�KHO��

Des donn�ees thermodynamiques sur les actinides uranium� neptunium� plutonium et am�ericium� ainsi
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que celles du techn�etium sont collect�ees dans une s�erie d��etudes critiques par l�Agence pour l��energie
nucl�eaire �AEN� de l�Organisation pour la coop�eration et le d�eveloppement �economiques �OCDE� �a
Paris� Les �etudes critiques traitent �a la fois des �el�ements� de leurs compos�es et de leurs esp�eces aqueuses
�dont les complexes inorganiques�� Dans ce projet 	

WAN� les donn�ees thermodynamiques et leurs in�
certitudes sont choisies en coh�erence avec les valeurs de CODATA mentionn�ees ci�dessus� Pour l�instant�
seuls les tomes de l�uranium et du techn�etium ont �et�e publi�es 	��GRE�FUG� ��SIL�BID��

I���� Utilisation des donn�ees thermodynamiques disponibles

Le chimiste mod�eliseur faire face �a un probl�eme important qui est la coh�erence des donn�ees thermody�
namiques � on peut obtenir des r�esultats erron�es quand on utilise des valeurs de sources di��erentes en les
associant dans un mod�ele� Grauer traite de ce sujet dans le Chapitre IV�

Malgr�e la grande quantit�e d�informations disponibles� le mod�eliseur peut trouver qu�il lui manque des
informations importantes� Ce manque d�informations peut �etre de deux sortes �

� On doit avoir des m�ethodes pour recalculer les donn�ees thermodynamiques donn�ees dans les condi�
tions de l��etat standard et �a la temp�erature de r�ef�erence� Ce sont ces valeurs que l�on trouve souvent
dans les compilations de donn�ees thermodynamiques� De tels nouveaux calculs sont n�ecessaires car
les syst�emes �a mod�eliser sont rarement dans les conditions de l��etat standard ou �a la temp�erature
de r�ef�erence� Cela veut dire que les donn�ees thermodynamiques existantes doivent �etre corrig�ees
pour �etre valides �a la temp�erature� �a la pression et �a la force ionique du syst�eme r�eel� Des m�ethodes
pour r�ealiser ces corrections sont d�ecrites dans les Chapitres IX et X�

� Des informations sur la composition stoechiom�etrique et sur les constantes d��equilibres faisant
intervenir des esp�eces pour lesquelles le mod�eliseur a de bonnes raisons chimiques de croire qu�elles
peuvent se former dans le syst�eme� mais pour lesquelles il ne poss�ede aucune donn�ees quantitatives�

Que faire quand des informations importantes manquent � La plus mauvaise solution consiste �a n�utiliser
que les informations que l�on a trouv�ees dans les banques de donn�ees� Une bien meilleure solution est
d�utiliser des th�eories chimiques pour pr�evoir des estimations raisonnables des donn�ees dont on a besoin et�
ensuite� de voir combien le mod�ele est sensible �par exemple la solubilit�e d�un min�eral� ou la concentration
totale en un �el�ement� aux variations des param�etres inconnus du mod�ele� Si ces param�etres s�av�erent
trop importants pour la mod�elisation� il peut �etre n�ecessaire de les d�eterminer exp�erimentalement� Les
exemples des Chapitres III et X d�emontrent qu�en plus� les estimations de donn�ees thermodynamiques
peuvent donner une bonne id�ee du fonctionnement chimique d�un syst�eme�

En d�autres termes� en mod�elisation thermodynamique il est important de ne pas utiliser seulement les
donn�ees quantitatives disponibles dans les banques de donn�ees� mais aussi les informations qualitatives
ou semi�quantitatives qui peuvent �etre tir�ees des th�eories chimiques �etablies� L�utilisation de m�ethodes
d�extrapolation pour les donn�ees thermodynamiques est importante et nous avons� par cons�equent� d�ecrit
les m�ethodes pour estimer des coe�cients d�activit�e et pour faire des estimations sur la d�ependance en
fonction de la temp�erature des donn�ees thermodynamiques� dans les Chapitre IX et X respectivement�
Des estimations de la composition chimique d�esp�eces dissoutes requiert une petite connaissance des
principes g�en�eraux de la chimie� Ils sont d�ecrits au Chapitre III o�u l�on donne aussi des r�ef�erences de
monographies�manuels qui les expliquent plus en d�etails�
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This chapter speci�es and lists the symbols� terminology and nomenclature� the units
and conversion factors� the standard conditions and the reference temperature� and the
fundamental physical constants used in this book�

II��� Symbols� terminology and nomenclature

II����� Symbols and terminology

The symbols for physical and chemical quantities used in this book follow the recom�
mendations of the International Union of Pure and Applied Chemistry� IUPAC ���WHI��
��MIL	CVI
� They are summarised in Table II���

II����� Reference codes

The reference list in this book has been automatically created by a computer program
that scans the reference codes cited in the text and retrieves the corresponding citations
from a data base at the NEA� This procedure is necessary to ensure compatibility of

y A substantial portion of this Chapter originates from an NEA report �TDB��� and from the published
NEA reviews on the thermochemistry of uranium and americium ���GRE�FUG� ��SIL�BID	


� Permanent address� Department of Inorganic Chemistry� Royal Institute of Technology�
S��
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Symbols� Standards� and Conventions

Table II��� Symbols and terminology�

thermodynamic temperature� absolute temperature T
Celsius temperature t
Avogadro constant NA

�molar� gas constant R
Boltzmann constant k
Faraday constant F
chemical potential of substance B �B
�molar� Gibbs energy Gm

�molar� entropy Sm
�molar� enthalpy Hm

�molar� heat capacity at constant pressure Cp�m

�molar� volume Vm
density �mass divided by volume� �
amount of substance B �a� nB
mole fraction of substance B� nB	

P
i ni xB

pressure p
partial pressure of substance B� xBp pB
fugacity of substance B fB
fugacity coe�cient� fB�pB �f�B
molarity or concentration of a solute substance B �amount

of B divided by the volume of the solution� �b� cB� �B

molality of a solute substance B �amount of B divided

by the mass of the solvent� �c� mB

mean ionic molality �d�� m
�������
� � m

��
� m

��
� m�

activity of substance B aB� fBg
activity coe�cient� molality basis� aB�mB �B
activity coe�cient� concentration basis� aB�cB yB

mean ionic activity �d�� a
�������
� � aB � a

��
� a

��
� a�

mean ionic activity coe�cient �d�� ��������� � �
��
� �

��
� ��

osmotic coe�cient� molality basis �
stoichiometric coe�cient of substance B �negative for

reactants� positive for products� �B
general equation for a chemical reaction � �

P
B �BB

equilibrium constant �e� K
electromotive force E
rate constant k

��
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Table II�� �continued�

charge number of an ion B �positive for cations�
negative for anions� ZB

ionic strength� Im � �
�

P
imiZ

�
i or Ic �

�
�

P
i ciZ

�
i I

pH � � log���aH���mol � kg���
� cf� Section II���� pH

superscript for standard state �f� �

�a� cf
 Sections �
� and �
� of the IUPAC manual ���WHI�	

�b� This quantity is called �amount�of�substance concentration� in the IUPAC manual

���WHI�	
 A solution with a concentration equal to 
��mol � dm�� is called a


� molar solution or a 

� M solution


�c� A solution having a molality equal to 
��mol � kg�� is called a 

� molal solution or
a 

� m solution


�d� For an electrolyte N��X�� which dissociates into ���� ������ ions� in an aqueous
solution with concentration m� the individual cationic molality and activity coef�
�cient are m��� ��m� and ���� a��m��
 A similar de�nition is used for the
anionic symbols
 Electrical neutrality requires that ��Z� � ��Z�


�e� Special notations for equilibrium constants are outlined in Section II
�
�
 In some
cases� Kc is used to indicate a concentration constant in molar units� and Km a
constant in molal units


�f� See Section II
�
� �Standard state�


references among all NEA TDB reviews� it avoids the duplication of any given reference
in several chapters� and it facilitates the production of the book�

The reference codes cited are ordered chronologically and alphabetically by the �rst
two authors within each year� as described by CODATA ���GAR	PAR
� A reference code
is made up of the �nal two digits of the year of appearance �if the publication is not from
the ��th century� the year will be put in full�� The year is followed by the �rst three letters
of the �rst two authors� separated by a slash� If there are multiple reference codes� a ���
will be added to the second one� a ��� to the third one� and so forth� Reference codes are
always enclosed in square brackets�

The assignment of the reference codes is done automatically by the NEA updating
computer programs for the TDB data base� It is therefore possible that multiple reference
codes in the TDB data base do not occur in multiple form in the present book� The
designators ���� ���� etc�� are nevertheless retained for reasons of compatibility with the
TDB data base�

��
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II����� Chemical formulae and nomenclature

The recommendations made by IUPAC ���JEN� ��FER� ��LEI
 on the nomenclature of
inorganic compounds and complexes are followed in this book� except for the following
items�

i� The formulae of coordination compounds and complexes are not enclosed in square
brackets ���JEN� Rule ����
�

ii� The pre�xes �oxy�� and �hydroxy�� are retained if used in a general way� e�g��
�gaseous oxy�uorides�� For speci�c formula names� however� the IUPAC recom�
mended name ���JEN� Rule ����
 is used� e�g�� �uranium�IV� di�uoride oxide� for
UF�O�cr��

An IUPAC rule that is often not followed ���JEN� Rules ����� and ����
 is recalled here�
the order of arranging ligands in coordination compounds and complexes is the following�
central atom �rst� followed by ionic ligands and then by the neutral ligands� If there
are more than one ionic or neutral ligand� the alphabetical order of the symbols of the
ligating atoms determines the sequence of the ligands� For example� �UO���CO��OH��� is
standard� while �UO����OH��CO

�
� is non�standard�

Abbreviations of names for organic ligands appear sometimes in formulae� Following
the recommendations by IUPAC� lower case letters are used and� if necessary� the ligand
abbreviation is enclosed within parentheses� Hydrogen atoms that can be replaced by the
metal atom are shown in the abbreviation with an upper case �H�� for example� H�edta��
Am�Hedta��s� �where edta stands for ethylenediaminetetraacetate��

II����� Phase designators

Chemical formulae may refer to di�erent chemical species and are often required to be
speci�ed more clearly in order to avoid ambiguities� For example� UF� occurs as a gas� a
solid� and an aqueous complex� The distinction between the di�erent phases is made by
phase designators that immediately follow the chemical formula and appear in parenthe�
ses� The only formulae that are not provided with a phase designator are aqueous ions�
since they are the only charged species in this book� The use of the phase designators is
described below�

� The designator �l� is used for pure liquid substances� e�g�� H�O�l��

� The designator �aq� is used for undissociated� uncharged aqueous species� e�g��
U�OH���aq�� CO��aq�� Since ionic gases are not discussed in this book� all ions
may be assumed to be aqueous and are not designed with �aq�� If a chemical reac�
tion refers to a medium other than H�O �e�g�� D�O� ��� ethanol	��� H�O�� then
�aq� is replaced by a more explicit designator� e�g�� ��in D�O�� or ��sln��� In the
case of �sln�� the composition of the solution is described in the text�

��
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� The designator �sln� is used for substances without specifying the actual equilibrium
composition of the substance in the solution� Note the di�erence in the designation
of H�O in Eqs� �II��� and �II���� H�O�l� in Reaction �II��� indicates that H�O is
present as a pure liquid� i�e�� no solutes are present� whereas Reaction �II��� involves
a HCl solution� in which the thermodynamic properties of H�O�sln� may not be the
same as those of the pure liquid H�O�l�� In dilute solutions� however� this di�erence
in the thermodynamic properties of H�O can be neglected� and H�O�sln� may be
approximated as pure H�O�l��

Examples�

UOCl��cr� � �HBr�sln� �� UOBr��cr� � �HCl�sln� �II���

UO�Cl� � �H�O�cr� �� UO�Cl� �H�O�cr� � �H�O�l� �II���

UO���� � �HCl�sln� �� UO�Cl��cr� � H�O�sln� �II���

� The designators �cr�� �am�� �vit�� and �s� are used for solid substances� �cr� is used
for crystalline� �am� for amorphous� and �vit� for glassy substances� Otherwise� the
general designator �s� is used�

� In some cases� more than one crystalline form of the same chemical composition
may exist� In such a case� the di�erent polymorphs are distinguished by separate
designators to identify them� If the crystal has a mineral name� the designator �cr�
is replaced by the �rst four characters of the mineral name in parentheses� e�g��
SiO��quar� for quartz and SiO��chal� for chalcedony� If there is no mineral name�
the designator �cr� is replaced by a Greek letter preceding the formula and indicating
the structural phase� e�g�� ��UF�� 	�UF��

Phase designators are also used in conjunction with thermodynamic symbols to de�ne
the state of aggregation of a compound to which a thermodynamic quantity refers� The
notation is in this case the same as outlined above� In an extended notation �cf� ���LAF
�
the reference temperature is usually given in addition to the state of aggregation of the
composition of a mixture�

Examples�

�fG
�
m�Na

�� aq� �	���
K� standard molar Gibbs energy of formation of
aqueous Na� at �	���
 K

S�m�UO�SO� � ��
H�O� cr� �	���
K� standard molar entropy of UO�SO� � ��
H�O�cr�
at �	���
 K

C�
p�m�UO�� �� �	���
K� standard molar heat capacity of ��UO�

at �	���
 K
�fHm�HF� sln�HF � ���H�O� enthalpy of formation of HF diluted ����� with

water

��
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II����� Systems and their components

As mentioned in Chapter I� a system is that part of the physical world that the scientist
wants to describe� The quantitative de�nition of a system requires not only the chemical
composition of the substances in it but also the amount of each of the phases �minerals�
�uids� etc��� A system is isolated if neither energy nor matter is exchanged with its
surroundings� A closed system has constant mass and bulk composition� while energy
may be exchanged with its surroundings� In open systems both matter and energy may
be exchanged through their boundaries�

The number of components in a thermodynamic system is the minimum number of
constituents required to describe its composition� Hence�

each species in the system should have a unique formula with respect to the

components chosen� or equivalently� none of the chosen components should be

expressible as a combination of the others�

For a system containing Nspe species with Nreact independent reactions between the
species� the number of components is Ncomp � Nspe �Nreact� The mathematical criterion
of linear independence of the components is that the determinant of the composition
matrix of the species related to the chosen components should not be zero�

The solvent is usually present in a very large excess� As the concentration of water
in a dilute solution is approximately 

 M� it is not practical to use water as a species
when describing the composition of aquatic systems� Water should therefore always be
chosen as a component� In general� any species with �xed activity should be chosen as a
component� pure phases �solids present in large excess�� a solvent �like water which has
aH�O � ��� a gas at constant fugacity �like atmospheric CO��� etc� It is also practical to
choose H� as a component because its activity is often used as a master variable when
modelling aqueous systems� In the same way it is practical �but not necessary� to select
the components of the system as species not capable of further dissociation �like PO��

� �
Ca��� etc���

Example� HCO�
� and CO��

� could both be selected as components� but it would be quite
impractical to use� say� C�� and O�� as components� because the stoichiometric de�nition
of species then becomes cumbersome�

The maximum number of phases in thermodynamic systems at equilibrium is given by
the Gibbs phase rule� which states that the number of independent properties that can
be varied in a system �the number of degrees of freedom� Nf � is given by

Nf � � �Ncomp�Nphases

where Ncomp is the number of components� and Nphases the number of phases present in
the system� The degrees of freedom are two intensive properties �like T and p� or T and
�� and the chemical potential of each component� A result of the Gibbs phase rule� of

��
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interest in modelling equilibrium systems at �xed T and p� is that the number of species
with �xed activities must be smaller than the number of components�

The choice of components is re�ected in the notation used for the equilibrium con�
stants� cf� Section II����� The subscripts �in 	q�m for example� denote the stoichiometric
coe�cients for the components�

It is essential that the numerical values of all equilibrium constants used in a model are

based on the same components� if not� they have to be recalculated to a common set of
components before meaningful chemical equilibrium calculations can be performed�

II������� Components in redox reactions

Many chemical elements occur in di�erent oxidation states and it is therefore practical to
use the electron as a component �even though it does not occur in free form in chemical
systems�� This can be illustrated by the following two choices of components� used to
describe the species UO��

� in a system�

UO��
� is equal to �UO����H����H�O���� �in a system with UO��cr�� H�O�l� and H� as

components� related by the reaction� UO��cr� � �H� �H�O�l��� UO��
� ��

UO��
� is equal to �U�����e�����H�����H�O�� �in a system� with H�O�l�� H�� e� and

U�� as components� related by the reaction� U�� � � e� � �H� � �H�O�l� �� UO��
� ��

The terminology used for equilibrium constants and reduction potentials for redox re�
actions is described in Section II�������

II����� Processes

Chemical processes are denoted by the operator �� written before the symbol for a prop�
erty� as recommended by IUPAC ���LAF
� An exception to this rule is the equilibrium
constant� cf� Section II����� The nature of the process is denoted by annotation of the
�� e�g�� the Gibbs energy of formation� �fGm� the enthalpy of sublimation� �subHm� etc�
The abbreviations of chemical processes are summarised in Table II���

The most frequently used symbols for processes are �fG and �fH� the Gibbs energy
and the enthalpy of formation of a compound or complex from the elements in their
reference states �cf� Table II�
��

II����� Thermodynamic data

The following parameters� valid at the reference temperature of �����
 K and at the
standard pressure of � bar� are usually considered�

��
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Table II��� Abbreviations used as subscripts of � to denote the type of chemical processes�

Subscript of � Chemical process

at separation of a substance into its constituent gaseous atoms
�atomisation�

dehyd elimination of water of hydration �dehydration�
dil dilution of a solution
f formation of a compound from its constituent elements
fus melting �fusion� of a solid
hyd addition of water of hydration to an unhydrated compound
mix mixing of �uids
r chemical reaction �general�
sol process of dissolution
sub sublimation �evaporation� of a solid
tr transfer from one solution or liquid phase to another
trs transition of one solid phase to another
vap vaporisation �evaporation� of a liquid

�fG
�
m the standard molar Gibbs energy of formation from

the elements in their reference state �kJ �mol���
�fH

�
m the standard molar enthalpy of formation from the

elements in their reference state �kJ �mol���
S�
m the standard molar entropy �J �K�� �mol���

C�
p�m the standard molar heat capacity at constant

pressure �J �K�� �mol���

For aqueous neutral species and ions� the values of �fG
�
m� �fH

�
m� S

�
m and C�

p�m corre�
spond to the standard partial molar quantities� and for individual aqueous ions they are
relative quantities� de�ned with respect to the aqueous hydrogen ion� according to the
convention ���COX	WAG
 that �fH

�
m�H

�
 aq
 T � � �� and that S�
m�H

�
 aq
 T � � �� Fur�
thermore� for an ionized solute B containing any number of di�erent cations and anions�

�fH
�
m�B�
 aq� �

X
�

���fH
�
m�cation
 aq� �

X
�

���fH
�
m�anion
 aq�

S�
m�B�
 aq� �

X
�

��S
�
m�cation
 aq� �

X
�

��S
�
m�anion
 aq��

��
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A chemical reaction �r�� involving reactants and products �B�� can be abbreviated as

� �
X
B

�r�B B �II���

where the stoichiometric coe�cients �r�B are positive for products� and negative for reac�
tants� The reaction parameters considered include�

log��K
�
r the equilibrium constant of the reaction� logarithmic

�rG
�
m the molar Gibbs energy of reaction �kJ �mol���

�rH
�
m the molar enthalpy of reaction �kJ �mol���

�rS
�
m the molar entropy of reaction �J �K�� �mol���

�rC
�
p�m the molar heat capacity of reaction �J �K�� �mol���

The equilibrium constant� K�
r � is related to �rG

�
m according to the following relation�

log��K
�
r � � �rG

�
m

RT ln����

and can be calculated from the individual values of �fG
�
m�B� according to�

log��K
�
r � � �

RT ln����

X
B

�r�B�fG
�
m�B��

II���	� Equilibrium constants

The IUPAC has not explicitly de�ned the symbols and terminology for equilibrium con�
stants of reactions in aqueous solution� The NEA has therefore adopted the conventions
that have been used in Stability constants of metal ion complexes by Sill�en and Martell
���SIL	MAR� ��SIL	MAR
� An outline is given in the paragraphs below� Note that� for
some simple reactions� there may be di�erent correct ways to index an equilibrium con�
stant� It may sometimes be preferable to indicate the number of the reaction the data
refer to� especially in cases where several ligands participate in the reaction� For example�
for the equilibrium

mM� q L �� MmLq �II�
�

both 	q�m and 	�II�
� would be appropriate� and 	q�m�II�
� is accepted� too� Note that� in
general� K is used for the consecutive or stepwise formation constant� and 	 is used for
the cumulative or overall formation constant� In the following outline� charges are only
given for actual chemical species� but are omitted for species containing general symbols
�M� L��

��
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II���	��� Protonation of a ligand

H� �Hr��L �� HrL K��r �
�HrL


�H�
�Hr��L

�II���

rH� � L �� HrL 	��r �
�HrL


�H�
r�L

�II���

This notation has been proposed and used by Sill�en and Martell ���SIL	MAR
� but it
has been simpli�ed later by the same authors ���SIL	MAR
 from K��r to Kr� This book
retains� for the sake of consistency� cf� Eqs� �II��� and �II���� the older formulation of K��r�

For the addition of a ligand� the notation shown in Eq��II��� is used�

HLq�� � L �� HLq Kq �
�HLq


�HLq��
�L

�II���

Eq� �II��� refers to the overall formation constant of the species HrLq�

rH� � q L �� HrLq 	q�r �
�HrLq


�H�
r�L
q
�II���

In Eqs� �II���� �II��� and �II���� the second subscript r can be omitted if r � �� as shown
in Eq� �II����

Examples�

H� � PO��
�

�� HPO��
� 	��� � 	� �

�HPO��
� 


�H�
�PO��
� 


�H� � PO��
�

�� H�PO
�
� 	��� �

�H�PO
�
� 


�H�
��PO��
� 


II���	��� Formation of metal ion complexes

MLq�� � L �� MLq Kq �
�MLq


�MLq��
�L


M � q L �� MLq 	q �
�MLq


�M
�L
q

For the addition of a metal ion� i�e�� the formation of polynuclear complexes� the fol�
lowing notation is used� analogous to Eq��II����

M �Mq��L �� MqL K��q �
�MqL


�M
�Mq��L


��
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Eq� �II���� refers to the overall formation constant of a complex MmLq�

mM� q L �� MmLq 	q�m �
�MmLq


�M
m�L
q
�II����

The second index can be omitted if it is equal to �� i�e�� 	q�m becomes 	q if m � ��
The formation constants of mixed ligand complexes are not indexed� In this case� it

is necessary to list the chemical reactions considered and to refer the constants to the
corresponding reaction numbers�

It has been customary to use negative values for the indices of the protons to indicate
complexation with hydroxide ions� OH�� However� if OH� occurs as a reactant� the
notation becomes clearer if OH� is treated like a normal ligand L�

mM� nOH� �� Mm�OH�n 	n�m �
�Mm�OH�n


�M
m�OH�
n

If H�O occurs as a reactant to form hydroxide complexes� H�O is considered as a pro�
tonated ligand� HL� so that the reaction is treated as described below in Eqs� �II���� to
�II�����

In many experiments� the formation constants of metal ion complexes are determined
by adding a ligand in its protonated form to a metal ion solution� The complex formation
reactions thus involve a deprotonation reaction of the ligand� In this case� the equilibrium
constant is supplied with an asterisk� as shown in Eqs� �II���� and �II���� for mononuclear
and in Eq� �II���� for polynuclear complexes�

MLq�� �HL �� MLq �H� �Kq �
�MLq
�H

�


�MLq��
�HL

�II����

M � qHL �� MLq � qH� �	q �
�MLq
�H�
q

�M
�HL
q
�II����

mM� qHL �� MmLq � qH� �	q�m �
�MmLq
�H�
q

�M
m�HL
q
�II����

Examples�

UO��
� �HF�aq� �� UO�F

� �H� �K� �
�	� �

�UO�F�
�H�


�UO��
� 
�HF�aq�


�Cu�� � �H�O�l� �� Cu��OH���� � �H� �	��� �
�Cu��OH���� 
�H�
�

�Cu��
�

Note that an asterisk is only assigned to the formation constant if the protonated ligand
is deprotonated during the reaction� If a protonated ligand is added and coordinated as
such to the metal ion� the asterisk has to be omitted� as shown in Eq� �II�����

M � qHrL �� M�HrL�q 	q �
�M�HrL�q


�M
�HrL
q
�II����

�
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Example�

UO��
� � �H�PO

�
�
�� UO��H�PO��

�
� 	� �

�UO��H�PO��
�
� 


�UO��
� 
�H�PO

�
� 
�

II���	��� Solubility constants

Conventionally� equilibrium constants involving a solid compound are denoted as �solu�
bility constants� rather than as formation constants of the solid� An index �s� to the
equilibrium constant indicates that the constant refers to a dissolution process� as shown
in Eqs� �II��
� to �II�����

MaLb�s� �� aM� bL Ks�� � �M
a�L
b �II��
�

Ks�� is the conventional solubility product� and the subscript ��� indicates that the equi�
librium reaction involves only uncomplexed aqueous species� If the solubility constant
includes the formation of aqueous complexes� a notation analogous to that of Eq� �II����
is used�

m

a
MaLb�s� �� MmLq �

�
mb

a
� q

�
L Ks�q�m � �MmLq
�L
�

mb

a
�q� �II����

Example�

AmF��cr� �� AmF�� � �F� Ks���� � Ks�� � �AmF��
�F�
�

Similarly� an asterisk is added to the solubility constant if it simultaneously involves a
protonation equilibrium�

m

a
MaLb�s� �

�
mb

a
� q

�
H� �� MmLq �

�
mb

a
� q

�
HL

�Ks�q�m �
�MmLq
�HL
�

mb

a
�q�

�H�
�
mb

a
�q�

�II����

Example�

U�HPO��� � �H�O�cr� � H� �� UHPO��
� �H�PO

�
� � �H�O�l�

�Ks���� � �Ks�� �
�UHPO��

� 
�H�PO
�
� 


�H�


II���	��� Equilibria involving the addition of a gaseous ligand

A special notation is used for constants describing equilibria that involve the addition of
a gaseous ligand� as outlined in Eq� �II�����

MLq�� � L�g� �� MLq Kp�q �
�MLq


�MLq��
pL
�II����

��
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where pL is the partial pressure of the gaseous species L� The subscript �p� can be com�
bined with any other notations given above�

Examples�

CO��g� �� CO��aq� Kp �
�CO��aq�


pCO�
�UO��

� � �CO��g� � �H�O�l� �� �UO����CO��
	�
	 � ��H�

�	p�	�� �
��UO����CO��

	�
	 
�H�
��

�UO��
� 
�p	CO�

AmCO�OH�cr� � CO��g� �� Am�CO��
�
� �H�

�Kp�s�� �
�Am�CO��

�
� 
�H

�


pCO�

In cases where the subscripts become complicated� it is recommended that K or 	 be used
with or without subscripts� but always followed by the equation number of the equilibrium
to which it refers�

II���	��� Surface coordination reactions

Equilibrium constants for reactions involving a solid surface are denoted as �surface co�
ordination constants�� An index �surf� to the equilibrium constant indicates that the
constant refers to a surface coordination	dissociation process�

The surface site is represented here as ��SOH�� and it is treated like any other ligand�
In general all concentration terms appearing in equilibrium constants for surface reactions
�Eqs� �II���� to �II����� are expressed in mol � l���

The proton coordination	dissociation reactions are�

�SOH �H� �� �SOH�
� Ksurf ���� �

��SOH�
� 


��SOH
�H�

�II����

�SO� �H� �� �SOH Ksurf ���� �
��SO�
�H�


��SOH

�II����

These equations are equivalent to Eq� �II���� with L ��SO��
Due to the nature of the surface sites� most surface coordination reactions involve

simultaneous deprotonation� and similarly to other reactions� an asterisk is added to the
notation of the equilibium constant� Metal� anion� and metal complex coordination are
expressed as�

n �SOH �mM �� ��SO�nMm � nH�

�	surf�n�m �
���SO�nMm
�H�
n

��SOH
n�M
m
�II����

n �SOH� q L �� ��SOH�nLq

��
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	surf�n�q �
���SOH�nLq


��SOH
n�L
q
�II����

n �SOH �mM� q L �� ��SO�nMmLq � nH�

�	surf�q�m�n �
���SO�nMmLq
�H�
n

��SOH
n�M
m�L
q
�II����

As usual� the last index in the equilibrium constant may be omitted if it is equal to
one� In cases where the subscripts become complicated� it is recommended that K or 	
be used with or without subscripts� but always followed by the equation number of the
equilibrium to which it refers�

Examples�

�FeOH�NpO�
�

�� �FeONpO� �H�

�Ksurf ���� �
�Ksurf �� �

��FeONpO�
�H�


��FeOH
�NpO�
� 


�FeOH� Cr�� �H�O�l� �� �FeOCrOH� � �H�

�Ksurf ������ �
�Ksurf�� �

��FeOCrOH�
�H�
�

��FeOH
�Cr��

� �FeOH� SO��

� � �H� �� �Fe�SO� � �H�O�l�

�	surf�� �
��Fe�SO

��
� 


��FeOH
��SO��
� 
�H�
�

�FeOH � CO��g� �� �FeHCO�

Ksurf �p�� �
��FeHCO�


��FeOH
pCO�

where pCO� is the partial pressure of carbon dioxide�

II���	��� Redox equilibria

Thermodynamic data for redox reactions are presented in di�erent ways�

� as normal � or standard potentials

� as standard Gibbs energies of reaction� �rG
�
m

� as equilibrium constants

� as pe� values

In the following section we will make a brief review of these concepts�
It is not possible to determine absolute values for the Gibbs energy of chemical species�

we can only determine changes� e�g�� as a result of chemical reactions in a system� If we
want to express the redox properties of a system we must therefore introduce an arbitrary
zero point� The procedure is analogous to those used when�

��
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� tabulating standard Gibbs energies of formation of chemical compounds ��fG
�
m��

where we de�ne the zero point by assigning the value zero to the standard free
energy of formation of all elements in their stable form at the temperature �����
 K
and the pressure � bar�

� assigning a zero�point for acid	base reactions in aqueous solutions� In this case we
relate the strength of an acid and a base to its ability to release� respectively take
up� protons� For the case of water we have�

�H�O�l��a� �� H� � �OH��b�
 �II����

and

�H�O�l��b� �H� �� �H�O
��a�
 �II��
�

where a��b� and a��b� denote corresponding acid�base pairs� By combining the
two equations we eliminate the free protony� which like the free electron does not
exist in the kind of chemistry we are interested in� We have�

�H�O�l��a� � �H�O�l��b� �� �H�O
��a� � �OH��b�

The equilibrium constant for this equation is measurable and is known as the ionic
product of water � denoted Kw� If the equilibrium constants for the proton release
and proton uptake are denoted K�II���� and K�II��
�� we have� Kw � K�II���� �
K�II��
�� We can de�neK�II��
� � �� and will in this way use water as the reference
base through which we compare the strength of all acids in water� We can also use
water as a reference acid� through which we can compare the strengths of di�erent
bases in water�

It is not possible to study the formation of free electrons� e�g�� in reactions such as�

U�� � �H�O �� UO��
� � �H� � � e� �II����

because they cannot occur in ordinary aqueous chemical systems� This is in complete
analogy with the previous example on acid	base equilibria where H� is a �ctive species�
However� the reaction may take place as a half
cell reaction in an electrochemical cell�
The electrons released in one half�cell are taken up by the reactant�s� in a second half�cell�
The zero point is de�ned by the choice of the second half�cell� By international de�nition
the half�cell reaction between the aqueous hydrogen ion and hydrogen gas is used as a
reference�

H� � e� ��
�

�
H��g� �II����

y Note that in most reactions H� denotes the hydrated proton� which is a real species� c�f
 p
��� while
in Eqs
 �II
��� and �II
��� H� denotes the free proton


��
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The equilibrium constant for this half�cell reaction is de�ned as unity�

K��II���� �
aH� ae�p

pH�
� � �by de�nition� �II����

In addition� �rG
�
m�II���� � E��II���� � �rH

�
m�II���� � �rS

�
m�II���� � � by de�nition� at

all temperatures�
By combining Reactions �II���� and �II���� we obtain�

U�� � �H�O�l� �� UO��
� � �H� �H��g�

In contrast to Reaction �II����� the equilibrium constant of the last equation can be
measured� In the same way as for acid�base reactions it can be considered as the product
of two equilibrium reactions but in this case involving free electrons rather than free
protons�

Redox reactions like �II���� are usually quanti�ed in terms of their standard electrode
�half�cell� potential� E�� which is identical to the electromotive force �emf� of a standard
galvanic cell in which the reference electrode is the standard hydrogen electrode� SHE y�
in accordance with the ���
� Stockholm Convention� ���MIL	CVI
� This means that
electrode potentials are given as reduction potentials relative to the standard hydrogen
electrode� which acts as an electron donor �Reaction �II������ The sign of the standard
electrode potential� E�� is that of the observed sign of its polarity when coupled with
the standard hydrogen electrode� Several compilations of E� values may be found in the
literature ���CHA	COL� �
BAR	PAR� ��BRA� etc�
� It must be noted that some older
compilations of redox data report oxidation potentials instead �notably that of Latimer�
Oxidation Potentials of the Elements �
�LAT
��

In the standard hydrogen electrode �Reaction �II������ H��g� is at unit fugacity �an ideal
gas at unit pressure� � bar�� H� is at unit activity �cf� Section II������ and the galvanic
cell where the SHE is used has a negligible liquid junction potential� In general one does
not use the standard hydrogen electrode in experimental studies� but secondary standards
�e�g�� the Ag	AgCl electrode� or the calomel electrode� which are easy to work with� and
whose electrode potentials are accurately known on the standard hydrogen electrode scale�

A general redox reaction between an oxidant �ox� and a reductant �red� may be written
as�

ox �
n

�
H��g� �� red � nH� �II����

The change in the Gibbs energy for this reaction is�

�rGm�II���� � �rG
�
m�II���� �RT ln

�
�ared anH�
aox p

n��
H�

�
A

y The SHE stands for the standard hydrogen electrode� and SCE for the saturated calomel electrode

The abbreviation NHE has been widely used for the �normal hydrogen electrode�� which is by
de�nition identical to the SHE
 It should nevertheless be noted that NHE customarily refers to a
standard state pressure of � atm� whereas SHE always refers to a standard state pressure of � bar
�

� MPa�
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The electrode potential is related to the Gibbs energy change� �rGm� and to the equilib�
rium constant� K� as outlined in Eq� �II�����

E�II���� � � �

nF
�rGm�II���� �

RT ln����

nF
log��K�II���� �II����

Setting pH� and aH� equal to unity�

�rGm�II���� � �rG
�
m�II�����RT ln

�
aox
ared

�

E�II���� � E��II���� �
RT

nF
ln
�
aox
ared

�
�II����

where the last equation is the familiar Nernst equation�
As described above� Reaction �II���� may formally be written as two half�cell reactions�

ox � n e� �� red �II����
�

�
H��g� �� H� � e� �II����

The equilibrium constants for these reactions are denoted K��II���� and K��II����� re�
spectively� They cannot be measured experimentally because we cannot measure the
concentration	activity of free electrons in ordinary chemical systems�

The equilibrium constant for Eq� �II���� is on the other hand a measureable quantity�
and it is related to the equilibrium constants for the two half�cell reactions�

K��II���� � �K��II�����n �K��II����

Introducing Eq� �II�����

K��II���� � K��II���� �
ared

aox ane�
�II����

In the literature on geochemicalmodelling of natural waters� it is customary to represent
the �electron activity� of an aqueous solution with the symbol �pe� or �p
� �de�ned as�
pe � � log�� ae�� by analogy with pH �� � log�� aH��� while the redox potential of an
aqueous solution relative to the standard hydrogen electrode is usually denoted by either
�Eh� or �EH� �see for example ���STU	MOR� ��DRE� ��HOS� ��NOR	MUN
�� The
variable �pe� may be introduced in Eq� �II�����

� log�� ae� � pe �
�

n

�
log��K

� � log��
aox
ared

�
�II����

At standard conditions the activities of reactants and products are unity �ared � aox � ���
and the relation between pe� and E� is obtained�

pe� �
�

n
log��K

� �
FE�

RT ln����
�II��
�
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pe� may be introduced into Eq� �II�����

pe � pe� �
�

n
log��

aox
ared

�II����

Finally� the relation between ae� and the redox potential against the standard hydrogen
electrode� E� may be obtained from Eqs� �II����� �II����� and �II��
��

� log�� ae� �
F E

RT ln����
�II����

In chemical equilibrium modelling� both �e�� and �H�� can be chosen as components
and they can be treated numerically in a similar way� equilibriumconstants� mass balance�
etc� may be de�ned for both� However� while �H�� represents the hydrated proton in
aqueous solution� �e�� is not an aqueous species� and it is necessary to set its concentration
to zero during the calculations �arbitrary values� however� may be assigned to ae� which
are then related to E by Eq� �II������

Example� For the hypothetical galvanic cell

� Pt

�����H��g
 p � �bar�

�����HCl�aq
 a� � ��
Fe�ClO����aq
 a���
Fe�ClO����aq
 a����

����� Pt � �II����

�where � � denotes a liquid junction� �j� a phase boundary� and a�� a��� and a��� are the
mean ionic activities of HCl and of the ferrous and ferric perchlorates respectively�� the
cell reaction is�

Fe�� �
�

�
H��g� �� Fe�� �H� �II����

For convenienceReaction �II���� can be represented by half�cell reactions� each involving
an equal number of �electrons�� as shown in the following equations

Fe�� � e� �� Fe�� �II����
�

�
H��g� �� H� � e� �II����

Equilibrium constants may be written for these half�cell reactions in the following way�

K��II���� �
aFe��

aFe�� ae�
�II����

K��II���� �
aH� ae�p

pH�
� � �by de�nition� �II����

and it follows that K��II���� � K��II�����
The following equation describes the redox potential of Reaction �II����� if pH� and aH�

are equal to unity �cf� Eq� �II������

E�II���� � E��II���� �
RT

F
ln
�
aFe��

aFe��

�
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The �activity of electrons� in Eqs� �II����� �II����� �II����� and �II���� may be inter�
preted to represent the relative tendency for a dissolved oxidant to accept electrons� or
for electrons to �leave� the half�cell electrode� Alternatively� the symbol �ae�� might
just be considered to be a mathematical representation of the function �

p
pH� �aH�� �cf�

Eq� �II������ and may therefore also be seen as equivalent to the standard electrode po�
tential of the half�cell �cf� Eq� �II������

II����� pH

Because of the importance of potentiometricmethods in the determination of the acidity of
aqueous solutions� a short discussion on the de�nition of �pH� and a simpli�ed description
of the experimental techniques used to measure pH will be given here�

The acidity of aqueous solutions is often expressed in a logarithmic scale of the hydrogen
ion activity� The de�nition of pH is

pH � � log�� aH� � � log���mH��H��

The activity can only be estimated from the known concentration of H� in the limited
range of the Debye�H uckel equation �that is� in extremely diluted solutions�� In practice
the use of pH values requires extra assumptions on the values for single ion activities�

The determination of pH is often performed by emf measurements of galvanic cells
involving liquid junctions ���ROS� ��BAT
� A common setup is a cell made up of a
reference half�cell �e�g�� Ag�s�	AgCl�s� in a solution of constant chloride concentration�� a
salt bridge� the test solution� and a glass electrode �which encloses a solution of constant
acidity and an internal reference half�cell� corresponding to the following galvanic cell�

� Ag�s�

�����AgCl�s�
�����HCl�aq�

� 	z 

Eref �

a

salt
bridge

b

test
solution

glass electrodez 
� 	
HCl�aq�

����� AgCl�s�
����� Ag�s�

� 	z 

Eglass

� �II����

where � � denotes a liquid junction� and � � stands for a glass membrane �permeable to
hydrogen ions�� The emf of such a cell is given by

E�II���� � Eglass � Eref� � Ej � E�� �
RT

nF
ln aH� � Ej

where Eref� and Eglass are the half cell potentials of the reference cell and the test solution
half�cell� respectively� E�� is a constant� and Ej is the junction potential� The purpose of
the salt bridge is to minimise the junction potentials in junctions �a� and �b� when the
concentration in the test solution is varied� The method often used to reduce and control
the value of Ej consists of using a saturated �or nearly saturated� solution of potassium
chloride as salt bridge�
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Because of the problems in eliminating the liquid junction potentials and in de�ning
individual ionic activity coe�cients� an �operational� de�nition of pH is given by IUPAC
���MIL	CVI
� This de�nition involves the measurement of pH di�erences between the
test solution and standard solutions of known pH and similar ionic strength �in this way
similar values of �H� and Ej cancel each other when emf values are substracted��

II��� Units and conversion factors

Thermodynamic data are given according to the Syst�eme International d�Unit�es �SI units��
The unit of energy is the joule� Some basic conversion factors� also for non�thermodynamic
units� are given in Table II���

Table II��� Unit conversion factors�

To convert from to multiply by
�non�SI unit symbol� �SI unit symbol�

�angstr�om ��A� metre �m� �� �
��� �exactly�
standard atmosphere �atm� pascal �Pa� ��
����� �
� �exactly�
bar �bar� pascal �Pa� �� �
� �exactly�
thermochemical calorie �cal� joule �J� �
��� �exactly�
entropy unit �e
u
 � cal �K��

�mol��� J �K��
�mol�� �
��� �exactly�

Since a large part of the NEA�TDB project deals with the thermodynamics of aqueous
solutions� the units describing the amount of dissolved substance are used very frequently�
For convenience� this book uses �M� as an abbreviation of �mol � dm��� for molarity� c�
and �m� as an abbreviation of �mol � kg��� for molality� m� It is often necessary to
convert concentration data from molarity to molality and vice versa� This conversion
is used for the ionic strength extrapolation of equilibrium constants by the speci�c ion
interaction model which assumes molality units �cf� Chapter IX� and is made in the
following way� Molality of a solute B�mB� is de�ned as mB moles of substance B dissolved
in ���� grams of pure water� Molarity� cB� is de�ned as nB moles of substance B dissolved
in ������ � nBM� grams of pure water� where � is the density of the solution and M the
molar weight of the solute� From this it follows that

mB �
����cB

����� � cBM

Baes and Mesmer ���BAE	MES� p����
 give a table with conversion factors �from mo�
larity to molality� for nine electrolytes and various ionic strengths� Conversion factors at
�����
 K for twenty one electrolytes� calculated using the density equations reported by
S ohnel and Novotn�y ��
SOH	NOV
� are reported in Table II���
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Table II��� Factors � for the conversion of molarity� cB� to molality� mB� of a substance
B� in various media �calculated from densities in ��
SOH	NOV
��

� 
 mB�cB �dm� of solution per kg of H�O�

c �M� HClO� NaClO� LiClO� NH�ClO� Ba�ClO��� HCl NaCl

���� �����		 ������� ������� ����
�� ������	 ������� �����	�
���� ������� ������� ������
 �����	� ������� ������	 �������
���� ����	�� ����	�	 ������
 ������� �����
	 ������� �������
���� �����	� ������� ������� ������� ���	��	 ������� ����	��
���� ������� ������� ����
	� ������� ���
�	� ������� ������

���� ������� ������� ������� �����	� ����
�� ������
 ������

���� ������
 ����	�� �����
� ������� ������� �����
�
���� ������	 ���	��	 ���	��� ���	��� ���	��� ���		��
���� ������� ������� ����	�� ����
�� ���
���
���� �����	� ����	�� ������� �������
	��� ������� ������� �������

c �M� LiCl KCl NH�Cl MgCl� CaCl� HNO� NaNO�

���� ������� �����	
 ����		� ������� ������� �����	� �������
���� ������
 ����

� ������� �����
� ����	�
 ����
�� ������	
���� ������� ������� ������� ������� ������� ����	�	 �������
���� ������� ������� ������� ����
�
 ������� ������� �����	�
���� ������� ������� �����
	 ������� �����
� ������� �������
���� ������� �����
� ���	��� ����
�
 ������� ������� �������
���� ������� ���		�� ������� �����
	 ������
 ���	��� ���	
��
���� ���		�
 ������� ������
 ����	�� ���
��
 ������� �����


���� ���
��� ������� �����	� ������� �����	� �����	� �������
���� �����	� �����	� ���
��� ����	�	 �������
	��� ������	 ����	�� �������

c �M� LiNO� NH�NO� H�SO� Na�SO� �NH���SO� H�PO� Na�CO�

���� ������� ������� ����	�� ������� ������	 ������� �������
���� ������� ������	 �����	� ������� ����		� ������� �����
�
���� ������� �����	� ������� ������� �����
� ����	�	 �������
���� ������	 ������� ������� ����
�	 ������	 ������� ����	��
���� ������� ������
 �����	� ����	�� ���		�� ������	 ����
��
���� ����
�� ������� ���	�
� ������	 ����	�� ������� ����	
�
���� ���		�� ������� ������� ������� ������� ����	��
���� ������� ����	�
 ������� ���	�

 ���	���
���� ������� ������� ���
��� ������� �������
���� ������� ����	�� ���	��� ����
��
	��� �����
� ������� ����	�� �������
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Examples�

���� M NaClO� � ���
 m NaClO�

���� M NaCl � ���� m NaCl
���� M NaClO� � ���
 m NaClO�

���� M NaNO� � ��

 m NaNO�

Equilibrium constants� unless they are dimensionless� need also to be converted if the
concentration scale is changed from molarity to molality or vice versa� For a general
equilibrium reaction� � �

P
B
�BB� the equilibrium constants can be expressed either in

molarity or molality units� Kc or Km� respectively�

log��Kc �
X
B

�B log�� cB

log��Km �
X
B

�B log��mB

With �mB�cB� � �� or �log��mB � log�� cB� � log�� �� the relationship between Kc and
Km becomes very simple� as shown in Eq� �II�����

log��Km � log��Kc �
X
B

�B log�� � �II����

P
B
�B is the sum of the stoichiometric coe�cients of the reaction� cf� Eq� �II���� and

the values of � are the factors for the conversion of molarity to molality as tabulated in
Table II�� for several electrolyte media at �����
 K� The uncertainty introduced by the
use of Eq� �II���� in the values of log��Km is probably � ������

P
B
�B�

From the values in Table II�� it can be seen that when dealing with very dilute solutions�
molarity and molality may be used interchangeably� and Km � Kc�

II��� Standard and reference conditions

II����� Standard state

A precise de�nition of the term �standard state� has been given by IUPAC ���LAF
� The
fact that only changes in thermodynamic parameters� but not their absolute values� can
be determined experimentally� makes it important to have a well�de�ned standard state� a
�base line� to which the variations can be referred� The IUPAC ���LAF
 de�nition of the
standard state has been adopted in this book� The standard state pressure� p� � ���MPa
�� bar�� has therefore also been adopted� cf� Section II����� The application of the standard
state principle to pure substances and mixtures is summarised below� It should be noted
that the standard state is always linked to a reference temperature� cf� Section II�����

� The standard state for a gaseous substance� whether pure or in a gaseous mixture�
is the pure substance at the standard state pressure and in a �hypothetical� state
in which it exhibits ideal gas behaviour�
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Table II�
� Reference states for the elements at the reference temperature of �����
 K
���WAG	EVA� ��COX	WAG
�

O� gaseous Pb crystalline� cubic
H� gaseous B �� crystalline� rhombohedral
He gaseous Al crystalline� cubic
Ne gaseous Zn crystalline� hexagonal
Ar gaseous Cd crystalline� hexagonal
Kr gaseous Hg liquid
Xe gaseous Cu crystalline� cubic
F� gaseous Ag crystalline� cubic
Cl� gaseous Fe crystalline� cubic
Br� liquid V crystalline� cubic
I� crystalline� orthorhombic Ti crystalline� hexagonal
S crystalline� orthorhombic U crystalline� orthorhombic
Se crystalline� hexagonal ��black�� Th crystalline� cubic
Te crystalline� hexagonal Be crystalline� hexagonal
N� gaseous Mg crystalline� hexagonal
P crystalline� cubic ��white�� Ca crystalline� cubic
As crystalline� rhombohedral ��grey�� Sr crystalline� cubic
Sb crystalline� rhombohedral Ba crystalline� cubic
Bi crystalline� rhombohedral Li crystalline� cubic
C crystalline� hexagonal �graphite� Na crystalline� cubic
Si crystalline� cubic K crystalline� cubic
Ge crystalline� cubic Rb crystalline� cubic
Sn crystalline� tetragonal ��white�� Cs crystalline� cubic

� The standard state for a pure liquid substance is �ordinarily� the pure liquid at the
standard state pressure�

� The standard state for a pure solid substance is �ordinarily� the pure solid at the
standard state pressure�

� The standard state for a solute B in a solution is de�ned as a hypothetical solution�
at the standard state pressure� in which mB � m� � �mol � kg��� and in which
the activity coe�cient �B is unity� In order to compare thermodynamic data for a
solute B in di�erent aqueous ionic media it is necessary to use a common standard
state� often that with pure water as the solvent�

It should be emphasised that the use of ���� e�g�� in �fH
�
m� implies that the compound

in question is in the standard state and that the elements are in their reference states�
The reference states of the elements at the reference temperature �cf� Section II����� are
listed in Table II�
�
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II����� Standard state pressure

The standard state pressure recommended by the International Union of Pure and Applied
Chemistry IUPAC ���LAF
 is ��� MPa �� bar�� However� the majority of the thermody�
namic data published in the scienti�c literature refer to the old standard state pressure
of � �standard atmosphere� �� �������
MPa�� The di�erence between the thermody�
namic data for the two standard state pressures is not large and lies in most cases within
the experimental uncertainty limits� In practice the parameters a�ected by the change
between these two standard state pressures are the Gibbs energy and entropy changes of
all processes that involve gaseous species� Consequently� changes occur also in the Gibbs
energies of formation of species that consist of elements whose reference state is gaseous
�H� O� F� Cl� N� and the noble gases�� No other parameters are a�ected signi�cantly� A
discussion on the procedure to convert thermodynamic data for the small pressure change
from � atm to � bar ���� MPa� is given in ���WAG	EVA
� see also Freeman ���FRE

and the NEA reviews on the thermochemistry of uranium and americium ���GRE	FUG�
�
SIL	BID
�

II����� Reference temperature

The de�nitions of standard states given in Section II�� make no reference to �xed tem�
perature� Hence� it is theoretically possible to have an in�nite number of standard states
of a substance as the temperature varies� It is� however� convenient to complete the de��
nition of the standard state in a particular context by choosing a reference temperature�
As recommended by IUPAC ���LAF
� the reference temperature chosen in this book is
T � �����
 K or t � �
�C� Where necessary for the discussion� values of experimentally
measured temperatures are reported after conversion to the IPTS��� ���COM
� The rela�
tion between the absolute temperature T �K� kelvin� and the Celsius temperature t ��C�
is de�ned by t � �T � T�� where T� � �����
 K�

II��� Fundamental physical constants

The fundamental physical constants are taken from a recent publication by CODATA
���COD
� Those relevant to this book are listed in Table II���

II��� Graphical representations of equilibrium systems

It is practical to use graphical displays of various types to obtain an overview of the
chemistry of equilibrium systems� There is an abundance of computer programs that
allow the user to make virtually any type of display with any chosen set of variables� We
will only give a few examples here� The reader will �nd many more equilibrium diagrams
in the following Chapters�

In this context master variables is an important concept �
�SIL� 
�SIL
� These are
usually the activities of components and they determine the ratios of the various species


�
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Table II��� Values for some fundamental physical constants� These values have been
taken from CODATA ���COD
� The digits in parentheses are the one�standard�deviation
uncertainty in the last digits of the given value�

Quantity Symbol Value Units

speed of light in vacuum c ��� ��� ��� m � s��

permeability of vacuum �� �� � �
��

� ������ ��
 ��� � � � �
��N �A��

permittivity of vacuum �� ����c�

� ����� ��� ��� � � � �
���C�
� J�� �m��

Planck constant h ����� 
�����
� �
��� J � s
elementary charge e ���
� ��� ������ �
���C
Avogadro constant NA ��
�� �������� �
��mol��

Faraday constant� NA � e F �� �����
����� C �mol��

molar gas constant R ����� ��
��
� J �K��
�mol��

Boltzmann constant� R�NA k ����
 ������� �
��� J �K��

Non�SI units used with SI�

electron volt� �e�C� J eV ���
� ��� ������ �
��� J
atomic mass unit� �u � mu �

�
��
m���C� u ����
 ��
���
� �
��� kg

in a chemical equilibrium system� For example� in acid�base equilibria pH is a master
variable� and for metal complex formation the activity of the free ligand is another master
variable�

A common simpli�cation when constructing equilibrium diagrams is to use standard
conditions �for aqueous solutions this implies that activity coe�cients are assumed con�
stant and � ��� This assumption seldom a�ects the usefulness of the chemical information
displayed in the diagram�

Species distribution diagrams and plots of the average number of ligands bonded to a
metal ion are often useful� both when evaluating published information and for describing
chemical aspects of more complex systems�

Example� We will illustrate the principle by constructing such diagrams for a binary�
mononuclear system where the following reactions occur�

M � nL �� MLn� n � � � � � �� �II����

and where the overall equilibrium constants for these reactions are� log�� 	n � �
 ��
 �
�
and �� �for n � � � � � ���
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Figure II��� Distribution functions for metal complexes
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The most useful master variable in this system is the free ligand concentration �L
� The
species distribution curves may be expressed as�

�n �
�MLn


�M
 �
P
�MLn


�
�MLn


�M
total
�II��
�

where �n is the fraction of the total metal in the complexed form �MLn�� The average

ligand number� n� is de�ned as follows�

n �

P
n�MLn


�M
 �
P
�MLn


�
�L
total as complex

�M
total
�II����

where n is the ratio of non�free ligand �i�e�� ligand in complexes� to the total metal
concentration�

Figures II�� and II�� illustrate how complexes are formed and transformed when the
ligand concentration changes� The n��L
� function demonstrates both the maximumnum�
ber of ligands that can be coordinated� and the �rest�bonding� capacity of the metal ion�
The function can also be used to get a quick estimate of the predominating complexes in
a given system� If n � ��
 in a mononuclear system� the predominating complexes are in
general ML and ML��

The distribution curves show how the concentration of the various species change with
varying free ligand concentration� This information is important when assessing the qual�
ity of experimental equilibrium data used to obtain equilibrium constants� In order to
determine an equilibrium constant for a certain complex accurately� it is necessary that
the complex is present in measurable amounts in the test solutions� This can always be

��
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Figure II��� Ligand average curve for the same metal complexation system displayed in
Figure II��
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�� �� �� �� �� �� �� ��

n

log �L	

ascertained by calculating the distribution functions for the conditions used in the ex�
periments� If an equilibrium constant has been reported from data where the complex is
present in very low concentration� it should be looked upon with caution�

Distribution curves in systems where polynuclear complexes are formed may be calcu�
lated according to�

�n�m �
m �MmLn


�M
 �
P
m �MmLn


�
m �MmLn


�M
total
�II����

and �n�m depends both on the free ligand concentration and the total concentration
of metal ion� and therefore� distribution curves in polynuclear systems require a three�
dimensional representation� A practical way to achieve this is to calculate a set of dis�
tribution curves where one variable is kept constant� e�g�� �n�m � f��L
M�� where the
subscript �M� denotes that the distribution diagram has been calculated at a speci�c�
constant value of the total concentration of M�

Logarithmic diagrams are perhaps easier to construct manually because they consist
mostly of straight lines� In these diagrams� the logarithm of the concentration of aqueous
species is plotted against the logarithm of the concentration of an appropiate master
variable� A logarithmic diagram that illustrates the hydrolysis of Cu�II� is shown in
Figure II��� Similar diagrams for most metal cations are found in the review of metal
hydrolysis by Baes and Mesmer ���BAE	MES
� To illustrate how logarithmic diagrams
may be constructed� the curve corresponding to CuOH� in Figure II�� will be used as an
example� This curve can be divided into two pH ranges�

��
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Figure II��� Logarithmic diagram for copper�II� at �Cu��

TOT

� ���� M and at �
�C
�neglecting activity coe�cients�� The diagram shows both the logarithm of the concen�
trations of copper�II� species and the solubility of CuO�cr� as a function of pH�

� � � �� ��
�	

��

��

��

�


��

�


��

log�� Conc�

pH

Cu��

CuOH�

Cu�OH���aq�

Cu�OH���

Cu�OH����

Cu��OH�
��
�

Cu��OH�
��
�

CuO�cr�

�
�
��

CuO�cr�
solubility

� at pH � 
 the reaction to be considered is� Cu�� � H�O�l� �� CuOH� �H�� with
log��

�K� � ������ and

log���CuOH�
 � ���� � pH� log���Cu
��


As it can be assumed that �CuOH�
	 �Cu��
� that is� �Cu��
 � �Cu��

TOT

� it follows
that log���CuOH�
 can be represented as a line of slope �� against pH�

� at pH � 
 and at �Cu��

TOT

� ���� M� the oxide of copper�II�� CuO�cr�� precipitates
and the following reaction must be considered� CuO�cr� � H� �� CuOH�� with
log��

�Ks�� � ������ and

log���CuOH�
 � ������ pH�

Therefore log���CuOH�
 in this pH range can be represented by a line of slope ��
in Figure II���

Predominance area diagrams are used to display the chemical characteristics of systems
that require at least two independent variables for their description� one for each axis�

The stability areas of solid phases can be given in a predominance area diagram as
contour lines for speci�c total concentrations� in a way analogous to that used to describe
the elevation on a topographic map� This procedure is used e�g�� to construct Pourbaix
diagrams� usually by setting �M


TOT
� ���	 M� Pourbaix diagrams are also called po�

tential	pH diagrams because of the choice of variables on the axes of the diagrams� and

��
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Figure II��� Pourbaix diagram �potential	pH predominance diagram� for iron at �Fe

TOT

�
���	 M and at �
�C �assuming unity for all activity coe�cients�� The vertical dotted line
shows the neutral pH� that is� the value at which aH� � aOH�� The sloping dashed lines
show the stability area of water� Adapted from ���BEV	PUI
�

� 
 ��
����

���


���

��


���

E 	 V
�versus S�H�E��

pH

Fe��

Fe��

Fe�OH����

FeO��
�

Fe�OH���cr�

Fe�cr�

Fe�O��cr�

Fe�O��cr� �
�
�
��� ����

they are extensively used in corrosion science� Diagrams for most metallic elements can
be found in Pourbaix!s �Atlas� ���POU
� as well as in refs� ��
GAR	CHR� ��CHE	ARA�
��BRO� ��SAT� etc�
�

Figure II�� shows an example of a Pourbaix diagram�
These diagrams indicate areas where corrosion is thermodynamically impossible �the

area where Fe�cr� is stable in Figure II��� this has very little practical importance in
the iron system since it is outside the stability range of water�� areas where the reaction
product is a solid phase that may inhibit the corrosion �passivation by the formation
of a solid di�usion barrier� e�g�� in the case of iron� magnetite� Fe�O��cr�� and hematite�
Fe�O��cr��� and �nally areas where there is active corrosion �i�e�� where a dissolved species
is the stable product�� The reader should compare the iron diagrams in Figures I�� and
II���

The technique used to draw Pourbaix diagrams has been described in the literature
�
�DEL	POU� �
GAR	CHR� ��VAL� ��STU	MOR� etc�
� The method will be outlined
here�

The stability �eld of water will be used �rst as an example� Water can be reduced
according to�

H�O�l� � e� ��
�

�
H��g� � OH� �II����

��
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Alternatively� and adding the ionic product of water �H�O�l��� H� �OH���

H� � e� ��
�

�
H��g� �II����

From Eq� �II����� and taking into account that the equilibrium constant for the last
reaction is equal to one by de�nition �cf� Eq� �II����� and that its redox potential against
the standard hydrogen electrode is E��II���� � ��

E�II���� � �RT ln����

F
���
 log�� pH� � pH� �II����

By setting the partial pressure of hydrogen gas constant and equal to � bar� this equation
represents a line with a slope y of ����� V	pH in the potential	pH diagram� represented
by the lower dashed sloping line in Pourbaix diagrams� cf� Figure II��� At potentials below
this line H��g� evolution is possible �pH� � � bar��

The upper sloping dashed line in Pourbaix diagrams is that corresponding to water
oxidation

�

�
O��g� � H� � e� ��

�

�
H�O�l� �II�
��

and from Eq� �II�����

E�II�
�� � E��II�
��� RT ln����

F
�pH� ���
 log�� pO� � �II�
��

Again� by setting the partial pressure of oxygen gas constant and equal to � bar� this
equation represents a line with slope ����� in the potential	pH diagram� At potentials
above this line O��g� evolution is possible �pO� � � bar��

The following reaction shows an example involving an aqueous species and a solid phase�

�

�
Fe�O��cr� � �H� � e� �� Fe�� �

�

�
H�O�l� �II�
��

Again� Eq� �II���� is used�

E�II�
�� � E��II�
��� RT ln����

F
�� pH � log�� aFe��� �II�
��

This equation constitutes a line of slope ����� V	pH in the Pourbaix diagrams �Fig�
ure II��� for any given value of the activity of Fe��� Usually the activity of Fe�� is set
equal to ���	 M� the limit at which corrosion is considered to be noticeable�

The line represented by Eq� �II�
�� will appear in the Pourbaix diagram under the
following conditions�

� aFe�� � �Fe

TOT

� ���	 M� which is appropiate only at potentials where Fe�� pre�
dominates over Fe���

y RT ln��
��F � 
�
����V � 
�
� V at T � ������K ���


�C�


��
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� At acidities where no Fe�II� hydrolysis occurs �ferrous iron starts to hydrolyze at
pH 
 � ���BAE	MES
��

It may be seen in Figure II�� that these two conditions are full�lled between pH � � and
�� where the line between Fe�� and Fe�O��cr� has been drawn�

An interesting property of potential	pH diagrams is that they show which oxidations
are thermodynamically possible� for example by superposing diagrams for two elements�
This may be seen by considering two redox reactions�

ox� � n e� �� red�

ox� �m e� �� red�

with standard redox potentials E�
� and E�

� � These two equilibria may be combined into a
single reaction�

�

n
ox� �

�

m
red� ��

�

n
red� �

�

m
ox� �II�
��

with the following equilibrium constant�

log��K
��II�
�� � �E�

� � E�
��

F

RT ln����
�II�

�

It follows that if E�
� � E�

� � then Reaction �II�
�� will proceed to the right� and the oxidant
�ox�� will react with �red��� For example� a comparison of the Fe��	Fe�� line with the
lower sloping dotted line in Figure II�� shows that acidic Fe�III� aqueous solutions will
react with H��g� to produce Fe�� and H��

Finally� the stability area of Fe�OH���cr� will be discussed� When studying the corrosion
properties of iron at near neutral pH� it is of interest to �nd out if the oxidation of iron
can proceed through the formation of iron�II� hydroxide�

�

�
Fe�OH���cr� � e� �H� ��

�

�
Fe�cr� � H�O�l� �II�
��

followed eventually by further oxidation to magnetite�

�

�
Fe�O��cr� � H�O�l� � e� �H� ��

�

�
Fe�OH���cr� �II�
��

perhaps continued by oxidation into hematite� etc�� or if thermodynamic considerations
indicate that iron metal oxidation might result in the direct formation of magnetite�

�

�
Fe�O��cr� � e� �H� ��

�

�
Fe�cr� �

�

�
H�O�l� �II�
��

Reactions �II�
�� to �II�
�� have all been written as one electron reductions� because then�

E � E� � RT ln����

F
pH

for all three reactions� each with a di�erent value of E�� All three reactions may then be
represented by parallel lines of slope ����� V	pH in the Pourbaix diagram of iron� For
any given pH�value� Eq� �II���� �the Nernst equation� indicates that�

�
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� At E � E��II�
�� iron metal will be oxidized to Fe�OH���cr��

� At E � E��II�
�� ferrous hydroxide will be oxidized to magnetite�

� At potentials above E��II�
�� the oxidant �magnetite� Fe�O��cr�� predominates over
the reductant �iron metal��

To �nd out the thermodynamic ranking of the oxidation products of Fe�cr� we may use
the rule expressed by Eq� �II�

�� In the example� where the pH dependence is the same in
all three reactions� we �nd that if E��II�
�� � E��II�
�� then Fe�OH���cr� will be formed�
Note that thermodynamic data from di�erent compilations may be contradictory� For
example�

� From the data listed in the NBS tables ���WAG	EVA
� E��II�
�� � �����V� and
E��II�
�� � �����V� indicating that Fe�OH���cr� is not stable and it should de�
compose into magnetite and iron metal�

� From the JANAF tables ��
CHA	DAV
� E��II�
�� � �����V� and E��II�
�� �
�����V� indicating a narrow range of existence for Fe�OH���cr��

The stability area for iron�II� hydroxide� shown in Figure II���� is therefore in agreement
with the data in the JANAF tables� but not with those in the NBS tables�

Predominance area diagrams can be drawn using any type of variables on the axes� One
example is shown in Figure II�
� which depicts the regions of predominance for cadmium
complexes as the total ligand	metal concentration ratio is increased�

In Figures II�� and II�
 the lines between two aqueous species represent equilibria
between the species on both sides� along the line their concentrations are equal� Within the
areas� one or the other aqueous species is present at a larger concentration� As mentioned
earlier� lines separating a solid and an aqueous species are contour lines showing the
coordinates at which the solid reaches saturation� Lines between two solids show their
respective limits of stability�

Chemical equilibrium diagrams �Figures II�� to II�
� have been drawn here with com�
puter software ���PUI
 using the chemical compositions calculated with the SOLGASWA�
TER algorithm ���ERI
� This technique di�ers slightly from the procedures described
above because the computer programs must be able to deal with a wide range of chem�
ical possibilities� Nevertheless� the basic principles behind the programs are those given
above�

��
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Figure II�
� Predominance diagram for the system Cd���OH��nta�� for �Cd��

TOT

�
���� M� at standard conditions and at �
�C �nta�� stands for the nitrilotriacetate anion�
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�
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���
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III��� Introduction

Chemistry� like all sciences� has its particular set of theories� procedures and experimental
methods which form the �language� used to communicate chemical information and ideas�
It is necessary to be familiar both with the �grammar� and the �vocabulary� of this lan�
guage in order to use and develop chemical information� For this reason we have included
a chapter dealing with fundamental chemical concepts� some of which may already be
known to the reader� These will be used to provide a framework useful for a discussion of
the chemistry of aqueous solutions and the modelling of aquatic systems� The discussion
will be short� but the reader should be able to obtain a more comprehensive picture by
using the references�

Most chemical information has been obtained in laboratory systems under well de�ned
conditions� where one in general has tried to reduce the number of variables as much as
possible in order to reduce the complexity of the system and to focus on the particular
aspects of interest in the study� This may result in a bias of the available experimental
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information� as an example there is an abundance of thermodynamic data for complex
formation reactions in binary systems� but comparatively few for ternary and higher
systems� This imbalance does not re	ect the relative importance of the two groups� but
rather the interests of the experimentalists�
Chemists have developed precise analytical tools for the determination of the total con�

centrations of various components� and also in very complicated systems such as the ones
encountered in nature� This information is one essential component for the understanding
and description of the chemical processes taking place there� But more is required� It
is necessary to describe the chemical interactions between the components� a task that
requires both an understanding of why and how chemical reactions occur� This is a
formidable task which cannot be solved by �brute force�� i�e�� investigations in the labo�
ratory of all possible chemical events that may take place� It is often necessary to simplify
the description of the system by identifying the most important processes� Laboratory
data� but also chemical theories� play an important role in this step� The properties of
such a model of the real system� cf� Chapter I� can then be compared with those of the
real system� e�g�� by con�rmatory experiments�
This exercise requires the use of various types of heuristic chemical models� as described

in this chapter� Note that a model is a device used to describe some particular aspects
of a complex issue� a model is based on certain assumptions� these have to be speci�ed
and checked for relevance� each model has its own range of applications� There is nothing
contradictory in the use of di
erent models to describe a certain system� because they
emphasise di
erent aspects of its properties� The only requirement on the model is that
it should be self�consistent and produce useful results� such as describing a given set of
experimental observations and being able to predict the outcome of new ones�
Chemistry deals with the properties of chemical elements and their compounds� A key

point in any chemical discussion is the understanding of chemical reactivity� i�e�� how
chemical elements react to form chemical compounds� and how these compounds may
be transformed into new ones� Chemical reactivity is obviously important also for the
understanding of aquatic systems because these obtain many of their properties as a result
of chemical transformations�
The phenomenological description of chemical systems relies on the two scienti�c dis�

ciplines� chemical thermodynamics �which �explains� why chemical reactions occur� and
chemical kinetics �which explains how they occur�� Classical chemical thermodynamics
�as used in this book� deals only with two states of the chemical system� the initial and
the �nal state� The initial state represents the condition where all reactants are present�
but where no reaction has yet occurred� In the same way the �nal state represents the
system when the possible chemical reactions have occurred �within the time�frame of in�
terest� cf� the concept pseudo�equilibrium on p�
��� and no further changes takes place
�equilibrium systems�� Thermodynamics provides information about the possible changes
in the system� expressed in terms of changes in the thermodynamic properties used to
describe it�
It is common knowledge that chemical reactions which have a net thermodynamic

driving force do not always occur with measurable rates� One example is a mixture of

��
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hydrogen and oxygen� where no reaction takes place unless the reaction is initiated by
a spark� or the introduction of a catalyst� such as a speck of platinum� Another is an
aqueous system containing sulfate and hydrogen sul�de� where it is impossible to attain
redox equilibrium� unless the temperature is well above ����C� cf� p�
���
The corollary to these observations is that chemical reactions may be controlled both

by thermodynamics and kinetics� We will come back to this issue in Section III���
By using tabulated thermodynamic data it is possible to decide if a particular reac�

tion may occur� or not� and also the extent of that reaction� Thermodynamic data are
tabulated for speci�c standard conditions which often di
er from those in the system
studied� Thermodynamics� in combination with physico�chemical theories such as the
Debye�H�uckel model� also provides the framework for recalculation of standard state data
to any desired condition as described in Chapters IX and X�
Chemical thermodynamics is a well established discipline both experimentally and the�

oretically� The extensive information included in thermodynamic databases and compi�
lations of equilibrium constants for chemical reactions �cf� Section I���
� are impressive
examples of its experimental success�
Chemists and physicists have always been interested to link thermodynamics to in�

formation on the atomic�molecular level� and in a following section we will outline how
such connections may be established for solution chemical data� The importance of the
procedures described there is that they provide a framework for estimating data where
no experimental information is available�
The �rst step in any description of a complex chemical system is usually based on a

thermodynamic model� There are several reasons for this�

� The thermodynamic model provides information on the possible reactions that may
take place in the system� and their relative importance� provided that the equilib�
rium assumption is valid� Hence� it is often possible to reduce the complexity of the
system by neglecting interactions between some of the components�

� There may be no information on rates and mechanisms of the reactions taking place
in the system and the modeller is therefore forced to use a simpler approach� such
as that provided by thermodynamics�

All chemical reactions involve the breaking and creation of chemical bonds � the reaction
between hydrogen and bromine can be described on two levels of sophistication� the �rst
indicates only the reactants and the products� and their mass balance� i�e���

H��g� � Br��g� �� �HBr�g�

Stoichiometric equations of this type are su�cient for the thermodynamic characteri�
sation of the reaction� They indicate the obvious that chemical bonds are both broken
and formed in the reaction� but they do not tell us how these events take place� Such
information may be deduced from experiments where the rate of reaction is studied as a
function of the concentrations of the species present in the system� and the temperature�
This is the area of chemical kinetics�

�
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The set of elementary reactions describing the transformation of hydrogen and bromine
to hydrogen bromide are�

rate constants
Br��g� �� �Br�g� k� �chain initiation�
Br�g� � H��g� �� HBr�g� � H�g� k� �chain propagation�
H�g� � Br��g� �� HBr�g� � Br�g� k� �chain propagation�
H�g� � HBr�g� �� H��g� � Br�g� k� �chain inhibition�
�Br�g� �� Br��g� k� �chain breaking�

This sequence of elementary reactions is compatible with the experimental rate law

d�HBr�

dt
�

ka�H���Br�����

kb � �HBr��Br����

� �
k�k�k

��
� k

���
� k

����
� �H���Br�����

k�k
��
� � �HBr��Br����

which describes how the rate of reaction is in	uenced by the various rate constants ki� and
the concentrations of the components� This example illustrates the important di
erence
in complexity between thermodynamics and kinetics� In Section III�� we will make some
general comments on the importance of chemical kinetics for the description of processes
in aquatic systems�
In chemistry we are interested to relate the chemical processes to the properties of the

particular reactants �and products�� or sometimes to a particular reaction center in a
complex molecule or ion� The �translation� of macroscopic information from thermody�
namics to �molecular� theories is not straightforward �the reverse process is dealt with in
statistical thermodynamics�� The following sections will illustrate the reasoning� but also
point out some inherent weaknesses in these procedures�

III��� Factors that in�uence the equilibrium properties of chemical reactions

in aqueous systems

The following discussion deals with equilibrium reactions involving acid�base� complex
formation� and redox processes in both homogeneous and heterogeneous systems� The
reactants are in general metal ions and ligands of various types� We will mainly be
concerned with phenomena that are common for a large group of these reactions� Chemical
reactions depend on the chemical characteristics of both metal ions and ligands� but also
on the special properties of the solvent� as indicated in the following�

III����� Chemical characteristics of metal ions

In this section we will discuss the charge� size� coordination number� acceptor properties
and hydration characteristics of metal ions�
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Factors in�uencing aqueous equilibria

Chemists use two �limiting� models to describe chemical bonding� One extreme is
the ionic model � where classical electrostatics is used to describe ion�ion and ion�dipole
interactions ���PHI�WIL� ��COT�WIL�� the other extreme is the covalent model� where
chemical bonding is described as a result of the �sharing� of electrons between the atoms
forming the bond� Neither of these models is the �right� one � they describe di
erent
aspects of the chemical bond�

The charge of a metal ion is determined by� but not always equal to� its oxidation state�

Example ��

The alkali metals occur in aqueous solution as single charged ions M�� i�e� the oxida�
tion state �
� The chemistry of zirconium and hafnium is dominated by the oxidation
state ��� and they occur in strongly acid aqueous solution as aquo ions M�� �the reason
for the statement about the acidity is explained on p����� Uranium may occur in four
di
erent oxidation states ��� ��� ��� and ��� The corresponding aquo ions are U���
U��� UO�

� and UO
��
� � The actual oxidation state of a given element� and the occurrence

of elements with di
erent oxidation states is determined by the electron con�guration of
the element� Textbooks on general chemistry provide more details �e�g�� ���GRE�EAR�
��COT�WIL��� It should also be pointed out that some of the oxidation states may not
be stable in aqueous solutions because of redox reactions with the solvent� e�g�� aqueous
U�� reduces water rapidly� with the formation of hydrogen and U�� aquo ions�

A metal ion is also characterised by its size� The ionic radius is deduced from experi�
mental determinations of bond distances in di
erent compounds� It is not a true constant�
but varies with the coordination number �this variation is known and tabulations of ionic
radii always refer to a speci�c coordination number�� There is also a slight variation�
often less than a few percent� between di
erent chemical compounds� A list of ionic radii
for the elements is provided by Prewitt and Shannon ���SHA�PRE� ��SHA��

The ionic radius is important for a discussion of the coordination number of metal
ions� This is de�ned as the number of atoms that are bonded to the metal ion in a
given compound� Small coordination numbers are in general found for ions of small radii
�often in combination with large donor atoms�� while large coordination numbers are
encountered for the larger ions� Lanthanide and actinide elements in oxidation states ��
and �� have large radii for their high charge and their coordination numbers are therefore
high � eight and nine are common� and even twelve coordination may occur for certain
ligands� e�g�� nitrate� The coordination number is often a constant for a given metal ion�
but exceptions do occur� some examples of the characteristic coordination numbers for
di
erent metal ions are given in Table III�
�

The coordination number depends not only on the characteristics of the metal ion� but
also on the properties of the ligand� e�g�� the cadmium�II� aquo ion� Cd�H�O�

��
� � is octa�

hedral while the highest iodide complex� CdI��� � is tetrahedral� Hg�II� is another example
where the coordination geometry ranges from octahedral in Hg�H�O�

��
� � via a trigonal

bipyramid geometry in HgI��aq� and HgI
�

� to tetrahedral in HgI
��
� � It is necessary to be
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Chemical Background for the Modelling of Reactions in Aqueous Systems

Table III�
� Coordination numbers and geometry for some metal ions and their complexes�
The less common coordination numbers are given within parenthesis�

Metal ion Coordination Coordination Examples
number geometry

Li� � tetrahedral Li�H�O�
�
�

Ca�� � to � distorted from
octahedral to square
antiprism

Cr�� � octahedral Cr�H�O�
��
�

Cr�� � octahedral Cr�H�O�
��
�

Cr�VI� � tetrahedral CrO��
� � Cr�O

��
�

Mn�� � octahedral Mn�H�O�
��
�

Fe�� � octahedral Fe�H�O�
��
�

Fe�� ���� �� ��� tetrahedral FeCl��
octahedral� distorted Fe�H�O�

��
� � Fe�edta�OH��

Co�� ���� � tetrahedral CoCl���
octahedral Co�H�O�

��
�

Co�� � octahedral Co�H�O�
��
�

Ni�� �� � �tetrahedral� NiCl���
square planar Ni�CN����
octahedral Ni�NH��

��
�

Cd�� �� � tetrahedral CdI���
octahedral Cd�H�O�

��
�
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Factors in�uencing aqueous equilibria

aware of the possibility of changes in coordination geometry because this will in	uence
both the possible stoichiometry of complexes and the thermodynamics for their formation�

The acceptor properties of the various metal ions are discussed in Section III�������

III����� Water as a solvent

Water is an excellent solvent for many ionic and polar compounds� This is due both
to its high dielectric permitivity and its donor properties �ability to act as a ligand� cf�
Section III��������

Water is a structured medium through the formation of an extensive network of hydro�
gen bonds� This network may be changed or disrupted either by solutes� or by changing
the temperature�

Solvent�solute interactions in aqueous systems can be described surprisingly well by
electrostatic models� Positive ions are surrounded by a primary layer of water molecules
with the negative end of the dipole� the oxygen atom� pointing towards the cation� This
water is in general considered to be chemically bonded to the cation� and the �rst solvation
layer is therefore often called the inner coordination sphere� and is characterised by its
coordination geometry�

The water in the �rst solvation shell is hydrogen bonded to external water molecules�
However� the solvated ions do not ��t� into the hydrogen�bond network of pure liquid
water� Hence� there is a layer of more or less �disrupted� water between the primary
solvation layer and the �bulk� solvent� This region is characterised by a gradual change
in structure� as indicated by Figure III�
�a� For metal ions that bind water molecules
strongly it is often possible to identify a second hydration layer outside the �rst� The
structure around the dissolved metal ions is very di
erent in polar� aprotic solvents�
These form strong bonds with metal ions� but do not have the protons required to form
hydrogen bonds� cf� Figure III�
�b� and therefore no second solvation sphere can be formed�
Examples of such solvents are dimethylsulfoxide� �DMSO�� �CH���SO and acetonitrile
CH�CN ���AHR��

Despite its structural features� water is often modelled as a structureless dielectricum�
because this is often found to be a very e�cient model when describing the thermody�
namics of reactions in water�

III������� Solvation and complex formation� ion�ion and ion�dipole interactions

In the simplest electrostatic models the ion�ion and ion�dipole interactions are governed by
electrostatics where the water is considered as a dielectric continuum with a macroscopic
dielectric constant� The attractive force between ions of charges Z� and Z� is given by
the Coulomb law�

F � �
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Chemical Background for the Modelling of Reactions in Aqueous Systems

Figure III�
� Drawings illustrating the solvation of cations in �a� protic� and �b� polar apro�
tic solvents� Adapted from ���COX�HED� ��BOC�RED� ��BEC�NAG� ��MOR�HER��
The central ion is shown octahedrally coordinated by six solvent molecules� Diagram
�a� displays a second hydration shell coordinated to the �rst one by hydrogen bonds
�represented by thin lines��

Disordered
intermediate
region

(a)

Water molecule
in primary

hydration shell

Water molecule
in secondary

hydration shell

Bulk Water

Mn+

(b)

Mn+

Oriented polar
molecule in first
coordination sphere

Un-oriented
polar molecule
in bulk solvent

Bulk polar
aprotic solvent
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Factors in�uencing aqueous equilibria

The total energy consist of two main contributions� an attractive Coulomb energy and a
repulsion energy term� Etot is equal to

Etot �



�����

Z�Z�
rA�B

�
BA�B
rnA�B

where rA�B is the distance between the two ions A and B� � and �� are the relative
dielectric permittivity �the dielectric constant� in the solvent and the permittivity in
vacuum� respectively� BA�B and n are constants� where the latter may be estimated
theoretically ���PHI�WIL� p�
����

III������� Ion�ion and ion�dipole interactions

Electrostatic models are used in both qualitative and quantitative ways� We have just
described some of the quantitative features� For additional information� the reader is
referred to ���PHI�WIL� ��COT�WIL�� Ion�ion and ion�dipole interactions are used when
discussing chemical bonding in terms of �ionicity� versus �covalency�� and when making
correlations of various types between chemical and physical quantities� cf� Section III�����
Quantitative electrostatic models are also used when describing the thermodynamic

properties of electrolyte solutions� The Debye�H�uckel model and the various variations of
this are the best known examples of this category� cf� Chapter IX�
In the simple Debye�H�uckel theory� water is also considered to be a structureless di�

electricum and no account is taken of solvation� In the more elaborate models� e�g�� the
Helgeson�Kirkham�Flowers model ��
HEL�KIR� the following features are included�

� the intrinsic properties of the electrolyte� which are independent of the solvent�

� cavity formation� electrostriction collapse� and local disruption of the solvent struc�
ture by the solute�

� orientation of disordered H�O dipoles to form hydration shells around the dissolved
ions�

� long� and short�range interactions of the solvated ions with one another�

� ion association �complex formation��

The reader is referred to ��
HEL�KIR� and Chapters IX and X for additional information�
Not only ionic species but also most uncharged molecules are solvated �in aqueous so�

lution hydrated� in solution� Solvation is introduced indirectly also in the continuum
models by taking dielectric saturation close to the ions into account� Solvation and com�
plex formation involve the same kind of chemical interactions at the microscopic level�
The chemical interactions between metal ions and water may be described in di
erent
ways� ranging from purely electrostatic ion�dipolar interactions to a well de�ned chemical
bond involving electron delocalisation from the lone�pairs on the water molecule to the
metal ion� In the following we will use the latter model� where bonding between metal

��



Chemical Background for the Modelling of Reactions in Aqueous Systems

ion and ligand is a result of a donation of an electron pair from a Lewis base �the lig�
and� to a Lewis acid �the metal ion�� The following example illustrates the origin of the
terminology�

� We may write the reaction between an acid and a base in the following way

H�� �OH� �� H�OH

where the two dots denote an electron pair on the base� An acid base reaction may
then be described in two ways� either as a reaction involving a proton transfer �the
Br�nsted�Lowry concept�� or as a reaction involving the donation of an electron pair
from a donor �the base� to an acceptor� the �Lewis� acid�

Complex formation reactions between a metal ion and a ligand also involve a dona�
tion of an electron pair from a donor �the ligand� to an acceptor �the metal ion��
e�g��

Cu��� �NH� �� �Cu �NH��
��

If we look on the chemical processes at the �electron pair level� we see that both
acid�base reactions and complex formation reactions can be described in the same
way� The Lewis acid�base concept is more general than the Br�nsted�Lowry concept�

Complex formation reactions involve the replacement of a coordinated water molecule
by another ligand� The only exceptions are metal�ion hydrolysis� and some reactions
involving deprotonation of a ligand already bonded to a metal ion� as described below�
The properties of the solvent are thus essential for the understanding of complex formation
reactions�
Hydrated metal ions are acids � a simple chemical explanation is that a water molecule

bonded to a positively charged metal ion increases its acidity due to an increased elec�
trostatic repulsion between the metal center and the hydrogen atoms �or as a result of
redistribution of electrons from the region between oxygen and hydrogen in the water
molecule to the region close to the metal ion��
The acidity of the coordinated water� i�e�� the hydrolysis of the metal ions increases

with increasing charge and decreasing ionic radius of the metal ion� This is in qualitative
agreement with the expectations from an electrostatic point of view� The same electro�
static �explanation� may be used to describe the fact that ligands containing hydrogen
atoms that can participate in protolytic reactions always show an increase in acidity when
coordinated to metal ions�
These general statements are useful because they allow us to make chemical predictions�

Example ��

The ligand edta��� ethylenediamine tetraacetate� contains four carboxylate groups and
two nitrogen donors� In the pH region � � pH � 

 the relevant acid dissociation
constants are�
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Factors in�uencing aqueous equilibria

H�L� �� H�L�� �H� log��K � ����
H�L�� �� HL�� �H� log��K � ����
HL�� �� L�� �H� log��K � �
���

In the same pH region cobalt�II� forms the following complexes with edta�

Co�� � L�� �� CoL�� log��K � 
���
Co�� �HL�� �� CoHL� log��K � ���

All equilibrium constants in this example have been obtained from ���AND� for I � ��
 M
and ���C� From the last three equilibrium constants we obtain for the reaction�

CoHL� �� CoL�� �H� log��K � ����

i�e�� the proton dissociation constant of HL�� increases by ��� logarithmic units on coor�
dination to Co�II�� The acid�base properties of coordinated ligands are important when
discussing the possible stoichiometry and bonding of ligands containing more than one
protolytic functional group� The distribution diagram in Figure III�� shows that CoL��

is the predominant complex in solutions where the predominant forms of the free ligand
are L��� HL�� and H�L���

In most environmental system one encounters organic ligands that contain protolytic
groups� It is then essential to keep the possibility of protolytic reactions in mind� An
example of the modelling of such a system is given in Section III�����

Remark�

The strength of acids is known to increase strongly with increasing temperature and this
is also true for hydrolysis reactions� This point is discussed in Chapter X�

III������� Ligands and their chemical characteristics �

Reactants bonded to a particular metal�ion reaction center are called ligands� They may
be either a single atom ion like F�� or multi�atom ions or molecules� In the latter case one
always can identify a smaller number of atoms that are bonded to the metal�ion center�
These atoms are called donor atoms� and always contain electron pairs� i�e�� they are
Lewis bases� The ordinary electron�pair bond is usually a single�bond �called a sigma�
bond�� but some ligands may also form multiple bonds ���bonds� resulting in a larger
electron redistribution in the coordinative bond�
� The examples of coordination geometries shown here of metal complexes with organic and inorganic

molecules �Figures III�� to III�	� III�
� to III�
�� and III��
 to III���� are taken from crystal structure
data� Sources of such data are CSD� the Cambridge Structural Database ���ALL
BEL�� and ISCD�
the Inorganic Crystal Structure Database ���BER
SIE��
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Chemical Background for the Modelling of Reactions in Aqueous Systems

Figure III��� Distribution diagrams of the various species formed in the Co�II��edta��

system� The diagrams refer to calculations where the total concentrations of metal ion
and ligand are 
��� M and 
��� M� respectively�
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Factors in�uencing aqueous equilibria

Example ��

The ligand F�� contains only one atom� which obviously is the one involved in reactions
where 	uoride complexes are formed� The sulfate ion� SO��

� � contains �ve atoms� a central
sulfur atom surrounded by four oxygen atoms forming a regular tetrahedron � only the
oxygen atoms can bind to metal ions� The thiocyanate ion� SCN�� contains two di
erent
donor atoms� sulfur and nitrogen� linked by carbon �which cannot bind to metal ions in
this case�� the actual mode of bonding is determined by the chemical characteristics of
the metal ion� vide infra �Section III�������� The ligand cannot bind with both S and N
to the same metal ion because of steric restrictions� However� the ligand may act as a
bridge between two metal ions� The anion edta�� contains eight oxygen donors from the
four carboxylate groups� and two nitrogen donors� A maximum of four oxygen and two
nitrogen donors may be bonded simultaneously to a given metal ion� The actual number
is determined by the size and coordination geometry of the metal ion� cf� Figures III���
III��� and III����

A ligand is unidentate if only one of its donor atom is bonded to a metal ion� The
ligand forms a chelate if more than one donor atom is bonded to the same metal ion�
Chelate formation may result in the formation of very stable complexes� However� this
requires that the ligand geometry and the coordination geometry of the metal ion match
one another� The reason for this has been discussed by Schwarzenbach ���SCH�� and
Adamson ���ADA��

There are only few inorganic ligands that may form chelates� in general only the oxo�
anions like sulfate� sul�te� selenate� selenite� phosphate� carbonate� etc�

There is an abundance of organic ligands that may form chelates� Many of these
are especially designed to bind selectively to particular metal ions� depending on their
preferred choice of donor atoms and coordination geometry� Most organic ligands have a
considerable freedom to adapt their conformation to the desired coordination geometry�
However� the more donor atoms they contain� the more di�cult it is to exploit all of them
in bonding� A rule of thumb is that the strongest complexes are formed when the donor
atoms are not separated by more than two other atoms �usually carbon atoms�� forming
a �ve�membered chelate ring together with the metal ion� Figures III��� III�� and III��
illustrate the coordination geometry and ligand bonding for some simple inorganic ligands
and for some organic ligands containing from one to six donor atoms�

Some ligands may act as bridges between di
erent metal atoms and lead to the for�
mation of polynuclear complexes� Hydroxide�oxide and oxo�anions are all good bridging
ligands� Fluoride is an excellent bridging ligand in the solid state but not in complexes
in solution� Bridging with organic ligands in general occurs in polydentate ligands where
all functional groups cannot bind to the same metal ion for steric reasons� Figures III��
and III��� demonstrate di
erent bridging situations�

It is obvious that both the location of the donor atoms in the ligand� and the coor�
dination characteristics of the metal ion� will determine which donor atoms are actually

�




Chemical Background for the Modelling of Reactions in Aqueous Systems

Figure III��� Example of some less common coordination geometries� Coordination around
the linear UO��

� ion� The picture shows the complex UO�F
��
� where all ligands are placed

in a plane perpendicular to the linear O�U�O axis� This pentagonal bipyramid geometry
is common for compounds of the linear dioxoactinoid �V� and �VI� ions�

bonded� The chemical composition of ligands may vary considerably from the very simple
like 	uoride� to the structurally very complicated like peptides or humic�fulvic acids� the
later are discussed in Chapters V and VI�

III������� Qualitative features of complex formation reactions

There exists a set of empirical rules that give a qualitative description of the chemical
interactions between metal ions and various donor atoms� Donor atoms may be arranged
in two ways� depending on the relative strength of their bonding to metal ions� in the
same way metal ions may be ordered in two groups depending on their ability to bind the
various donor atoms�
One group of metal ions �class �a�� or hard acceptors ���COT�WIL� p��
���
��� or

Lewis acids� forms complexes which decrease in stability depending on the donor atom
as follows

F �� Cl � Br � I

O �� S � Se�Te

N �� P � As�Sb

F� O and N are hard donors� with small polarisability values and a general tendency for
�ionic� interactions� while I� S� P� etc� are soft donors� with high polarisabilities and a
tendency to form �covalent� bonds�
The other group of metal ions �class �b�� or soft acceptors� or Lewis acids� have the

reverse order of stability� i�e��

F �� Cl � Br � I

O �� S � Se�Te

N �� P � As�Sb

��



Factors in�uencing aqueous equilibria

Figure III��� Example of some less common coordination geometries� Coordination ge�
ometry of the Fe�III� edta complex �edta � ethylendiaminetetraacetate� Fe�edta��H�O���
Fe�III� is seven coordinate �the most common coordination geometry is octahedral�� The
reason for the increased coordination number is probably that the Fe�III� ion does not �t
into the �basket� formed by the two nitrogen and four oxygen donors from the ligand�
The ligand is located asymmetrically on one side of the Fe�III� and there is room for an
additional water on the other side� This type of coordination is very common in edta
complexes� for which non�octahedral geometries are the rule� rather than the exception�
The black circles in the edta�ligand denote carbon atoms� the light grey oxygen atoms
and the remaining two� nitrogen atoms� The single atom bonded to Fe�III� is a water
oxygen�

The donor atoms in periods three and higher in the periodic table� have a much larger
polarisability than those in period two� i�e�� they are �softer� and tend to form covalent
bonds�
The positions of hard and soft Lewis acids in the periodic table are shown in Figure III���

General rule�

The strongest complexes are formed between donors and acceptors that belong to the same
group� We can understand this in terms of the two models of chemical bonding� where
hard � hard interactions are mainly �electrostatic� and soft � soft interactions mainly
�covalent�� This general rule is very useful� when discussing the possible interactions
between ligands and metal ions in complex chemical systems�

Example ��

Soft metal ions such as Pt and Hg� and the �border region� elements Cd� Pb and Bi
�Figure III���� are highly toxic� presumably because they can bind strongly to pep�
tides�proteins� some of which contain sulfur�

The actinide elements� and many of the elements formed in nuclear �ssion are examples
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Figure III��� Example of some less common coordination geometries� Geometry of
Ho�SO����H�O�

�

� with eight donor atoms around Ho�III�� High coordination numbers
are common for the lanthanides and the actinides� Each sulfate ligand is coordinated
through two of its oxygen donors and thus forms a chelate� The black circles denote
sulfur atoms� The four light grey circles bonded only to the dark grey Ho�III� denote
oxygen atoms in coordinated water molecules�

of hazardous elements which belong to the group of hard Lewis acids� From the general
chemical systematics outlined above� we can conclude that the actinide elements will form
strong complexes only with ligands containing �hard� donor atoms� Of the inorganic
ligands occurring in nature we then only have to consider the 	uoride ion and those
containing oxygen �hydroxide� sulfate� nitrate�nitrite� phosphate� carbonate and silicate��
Inorganic ligands containing nitrogen donors are rare �ammonia� and nitrite� and nearly
always present in very low concentrations in natural water systems�

Organic ligands of various types are present in ground and surface water systems�
Some of them are there as a result of human and industrial activities �detergents� indus�
trial chemicals� etc��� others are produced in the biosphere by microbiological and other
processes� The ligands have a range of molecular weights� varying from low�molecular
compounds to polymers� They contain essentially three di
erent types of donor atoms O�
S and N� where the �rst is predominant�

Humic�fulvic acids are high�molecular organic ligands known to be good complexing
agents for most metal ions� cf� Chapters VI and V� They contain a number of strong metal
binding functional groups �phenol�� carboxylate�� aldehyde�� keto�� amino�� etc�� which
also can participate in protolytic equilibria� The high molecular weight and the large
number of functional groups give them polyelectrolyte properties� which must be taken into
account when modelling the metal � humate�fulvate interactions� cf� Chapters VI and V�
There is an extensive literature that will be discussed in these two Chapters� A recent book
by Bu�e �Complexation reactions in aquatic systems� An analytical approach� ���BUF��
and the proceedings from the OECD�NEA workshop �Binding models concerning natural
organic substances in performance assessment� ���NEA� give a review of the area�

Hard Lewis acids such as the actinides are preferentially bonded to oxygen and nitrogen
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Figure III��� Common bonding geometries for the carbonate ion ���PAL�ELD��
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donors in these ligands�
The stability of metal complexes also depends on the charges of metal ion and ligand�

In general the stability increases with increasing charge as expected from electrostatic
considerations� hence nitrate�nitrite complexes are much weaker than sulfate complexes�
and the former may be neglected when modelling� e�g�� the species distribution of actinides
in a ground water system�
However� one must be careful when using electrostatic considerations � because the

hardness�softness characteristics are a property of the oxidation state of the donors and
acceptors �i�e�� their charge�� For example� copper�I� is a softer Lewis acid than copper�II�
and therefore forms stronger chloride complexes than Cu�II��
Figure III�� illustrates that for UO��

� the formation of chloride complexes in most
environments is negligible in comparison with the formation of 	uoride complexes �and
this holds for other hard acceptors�� while the chloride complexes are totally predominant
for Hg�II� �and other soft acceptors��

III��� Classi�cation of metal complexes

Complex formation in aqueous solution takes place according to the following general
�stoichiometric� scheme� For simplicity� we have considered a two�component system
where only mononuclear complexes are formed �charges have been omitted for brevity��

M�H�O�x � nL�H�O�y �� MLn�H�O�z � �x� ny � z�H�O �III�
�
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Figure III��� The distribution of acceptor atoms in the periodic table� Adapted from
���AHR�CHA�� The lanthanides and actinides� which are not shown in this �gure� belong
to class �a�� i�e� they are hard acceptors�
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This equation emphasises that ions in solution are hydrated� a fact in	uencing the ther�
modynamics of Eq� �III�
� to a large extent ���AHR�� Eq� �III�
� may be interpreted as
describing a �release� of water molecules from the hydration spheres of cations and anions
to the �bulk� solvent� The term �release� is used to describe the fact that the water in
the solvation spheres has a di
erent freedom of translation movement as compared to the
bulk water� A similar di
erence is found between ice and liquid water� The melting of
ice results in a large increase in entropy� Similarly� the �release� of water molecules in
complex formation reactions is often accompanied by a large and positive entropy change�
which increases with the number of water molecules released�
Metal complexes containing di
erent metal ions� di
erent ligands and with a variety of

stoichiometric compositions have been studied by chemists during more than one hundred
years� In order to use this enormous amount of information it is practical to make a
classi�cation of metal complexes based on their composition�bonding characteristics� We
will use the following indicators�

� the number of components�

� the bonding of the ligand� monodentate� chelating� or bridging�

� the number of metal ions in the complex� i�e�� mononuclear vs� polynuclear�

Eq� �III�
� indicates that more than one ligand can bind to the central ion M� Complex

��



Classi�cation of metal complexes

Figure III��� Relative stability of chloride and 	uoride complexes for hard and soft ac�
ceptors� The �gure shows predominance area diagrams for UO��

� and Hg�� �which are
examples of hard and soft metal ions respectively�� The diagrams have been calculated
at pH � ��� �to avoid the formation of strong hydroxide complexes� and at a total metal
concentration of 
���M� Values for the equilibrium constants are from ���BAE�MES�
��SMI�MAR� ��GRE�FUG� in the standard state �I � ��� Note that both binary and
ternary �three component� complexes are formed�
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formation reactions take place in a stepwise fashion� where one ligand is added at a time�
until the maximum number is reached� This number is related to the coordination number
of the metal ion� In octahedral geometry at most six mono�dentate� three bidentate and
two three�dentate ligands may bind to the central metal ion�

The stepwise formation of complexes can be represented graphically in a distribution
diagram� using the free ligand concentration as a �master variable�� as described in Sec�
tion II�� �p����� An example of such diagrams is given in Figure III���

The number of ligands that can be bonded to a metal ion depends both on the electron
structure of the metal ion� the relative sizes of central ion and ligand� and the geometry
of the ligand� when it contains more than one donor atom� Most metal ions have one �or
two� characteristic coordination numbers� each with a special coordination geometry as
indicated in Table III�
�

Classical solution chemical studies only give information about the constitution of the
complexes formed� Information about the detailed bonding of the ligand and the geometry
of the complexes formed require additional experimental information� e�g�� provided by
spectroscopic �IR� Raman� multi�nuclear NMR� spectroscopic information on d�d spectra�
etc�� and di
raction techniques �X�ray and neutron di
raction� EXAFS� large angle X�
ray scattering of solutions� etc��� Much experimental information on the structure of
complexes has been obtained from X�ray di
raction studies of solid compounds� There

��
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Figure III��� The distribution of mercury�II� species in aqueous solutions as a function
of the total chloride concentration� Diagram calculated at the same conditions as the
predominance diagram for Hg�II� in Figure III��� but in the abscence of 	uoride ions�
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�

are important di
erences in the intermolecular forces in the solid state and in solution
which might result in structural di
erences� However� in situations where a complex of
a given stoichiometry occurs both in the solid state �as �isolated� units that interact
rather weakly with surrounding ions�molecules� and in solution� there is usually a good
agreement between their structures�

III��� The thermodynamics of complex formation reactions

The standard free energy of reaction is equal to

 rG
�

m �  rH
�

m � T rS
�

m

where  rH
�

m and  rS
�

m are the standard enthalpies and entropies of reaction� respectively�
It is practical to have some method to estimate these quantities if experimental data
are not available� Qualitative estimates of the entropy changes for complex formation
reactions may be obtained as indicated below�

Reaction �III�
� illustrates that complex formation reactions result in changes in the
solvation of both reactants and products�

In Sections III�����
 and III������ we discussed a simple electrostatic model of ion sol�
vation� The strength of bonding of the water in the �rst coordination sphere should
increase with increasing ionic charge and decreasing ionic radius� The �ordering� e
ect

��
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of the electrostatic �eld should extend also outside the �rst sphere� The qualitative con�
clusion from this model is that in a reaction� the di
erences in the properties between
the bulk water and the water in the �rst and second solvation spheres will be larger the
larger the di
erences in electrostatic potential between reactants and products�
From a microscopic point of view we can describe Reaction �III�
� as a reaction

where�ordered� water in the �rst and second coordination spheres is transferred to the
less �ordered� state in the bulk solvent� This process results in an increase in entropy for
the system� in the same way as when a gas is expanded from a small volume to a larger
one� or when solid ice is transformed to liquid water�
We would then expect the values of  rS

�

m between a set of di
erent metal ions with a
given ligand to increase with increasing charge and decreasing ionic radius of the central
ion� The entropy changes should also decrease between consecutive complex formation
reactions� because of the decrease in charge and solvation and the increase in size� when
more ligands are added to the central ion�
For ligands that contain di
erent number of donor atoms we expect the entropy change

to increase with the number of coordinated donor atoms� The data in Table III�� indicates
that the experimental �ndings con�rm these expectations�
The data in the table indicates that complexes between hard donors and hard accep�

tors have large positive entropy contributions� while the enthalpy term usually is fairly
small� On the other hand� in complexes formed between soft donors and soft acceptors
the enthalpy term gives a major contribution to the stability of the complexes� while the
entropy contribution is smaller� Enthalpies of reaction involving the proton� e�g� proto�
nation of bases are usually fairly large but always less than the enthalpy of protonation
of hydroxide�
Information of the type discussed above is useful to estimate the temperature depen�

dence of a reaction when no experimental enthalpy of reaction is known� More detailed
discussion of the thermodynamics of complex formation reactions is given by Ahrland
���AHR� ��AHR�� The conclusions drawn above relate to aqueous solutions� non�aqueous
systems behave in a di
erent way� as discussed also by Ahrland ���AHR� ��AHR��

III��� Complex formation	 a competitive process

Most experimental investigations of complex formation reactions have been made on bi�
nary systems� and information on ternary and higher systems is scarce� The one exception
is for ligands which are polyprotic acids� HnL� either organic or inorganic� For these lig�
ands� all the di
erent species Ln�� HL	n��
� H�L

	n��
� � � � are potential ligands� and in
any careful experimental study the investigators have to decide if complexes of the type
MHpLq are formed� or not� One also has to ascertain if a coordinated water molecule
can be deprotonated with the formation of ternary hydroxide complexes� M�OH�pLq� as
shown in Figures III�� and III��� The occurrence of ternary complexes in nature is proba�
bly more common than indicated by published equilibrium data� Experimentalists often
try to avoid them by selecting the experimental conditions in such a way that their for�
mation is minimised� For the user of equilibrium data it is essential to keep this in mind�
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Table III��� Thermodynamic data for complex formation reactions� The �rst group of data
illustrates how the thermodynamic quantities depend on the charge of the positive ion�
The second and third groups show how the thermodynamic quantities vary for the stepwise
reactions� and for ligands containing a di
erent number of donor atoms� respectively� The
fourth group demonstrates how the thermodynamic quantities vary with the hardness of
the ligand for a typical soft acceptor�

Reaction  rG
�

m  rH
�

m T rS
�

m

kJ �mol�� kJ �mol�� kJ �mol��

Charge dependence�
H� � F� �� HF�aq� �
���� 
���� ����
Be�� � F� �� BeF� ������ �
�� ���

Al�� � F� �� AlF�� ������ ���� ����

Stepwise reactions�
Tl�� � Cl� �� TlCl�� ������ ������ 
���
TlCl�� � Cl� �� TlCl�� ������ �
���� 
���
TlCl�� � Cl

� �� TlCl��aq� �
���� ����� 
���
TlCl��aq� � Cl� �� TlCl�� �
���� ����
 
���

Chelate formation�
Cu�� � ac� �� Cuac� �
���
 ���� 
��

Cu�� �mal�� �� Cumal�aq� ����
� 

��� ���

Cu�� � edta�� �� Cu edta�� �
���� ����
� �
��

Hardness�softness�
Hg�� � F� �� HgF� ����� ��� ���
Hg�� � Cl� �� HgCl� ������ ����� 
���
Hg�� � Br� �� HgBr� ��
��� ������ ���
Hg�� � I� �� HgI� ������ �����
 ���


��
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because outside the concentration ranges used in the laboratory studies� di
erent species
may form� If quantitative data on them are not given in the literature it is necessary to
estimate both possible stoichiometries� and the magnitude of the equilibrium constants�
This procedure is facilitated when one of the components is present in large excess over
the others� a situation typical for the modelling of the speciation of trace metals in aquatic
systems�

III����� The pH dependence of complex formation reactions

For ligands that are anions of weak acids �hydroxide� 	uoride� carbonate� phosphate�
silicate� and the anions of most organic acids�� there is always a competition between
metal ions and hydrogen ions for the given ligand� and the complex formation reactions
will be strongly pH dependent� This is one of the reasons why pH is an important
�master variable� for the description of equilibria in aqueous solution� Phosphate is the
most important of the inorganic ligands in this group� complexes containing H�PO

�

� �
HPO��

� and PO��
� are known� The ligands with the largest negative charge always form

the most stable complexes� On the other hand these are also the strongest bases� with
the strongest competition from H�� For this reason� H�PO

�

� and HPO
��
� are important

ligands in most aquatic systems� Figure III�
� shows the distribution of dioxouranium�VI�
phosphate complexes as a function of pH at a total concentration of phosphate of ��
��� M
���� ppm��

III����� Polynuclear complex formation

The metal ions in polynuclear complexes may be of the same type� or di
erent� However�
few complexes containing di
erent metal ions are known� one example ���GRE�RIG� is
the formation of �UO����MO���CO��

��
� � where M is Np or Pu� In this case we can describe

the complexes as formed by an isomorphic substitution of UO��
� in �UO����CO��

��
� � with

NpO��
� or PuO��

� � cf� Figure III�

� This is a process analogous to isomorphic substitu�
tions in the solid state�
The relative importance of polynuclear� as compared to mononuclear complexes in�

creases with increasing total concentration of metal ions� For example� the equilibrium

�UO��CO��
��
�

�� �UO����CO��
��
�

is shifted towards the right with increasing total concentration of uranium�
At trace concentration levels most complexes are mononuclear�
The chemistry of the metal hydroxides is dominated by polynuclear complexes� An

excellent review of the �eld has been given by Baes and Mesmer ���BAE�MES��

III����� The stoichiometry of hydroxide complexes

Most hydrolysis equilibria are studied experimentally by measuring the hydrogen ion
concentration� cf� Eq� �III���� In this type of experiment one measures the concentration of

�
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Figure III�
�� The stabilities of the phosphate complexes of dioxouranium�VI�� The dia�
gram has been calculated at �PO��

� �total � � � 
�
��M� and at �UO��

� �total � 
�
��M� Values

for the equilibrium constants are those given in ���GRE�FUG� in the standard state
�I � ���

� � � � 
 �
���

���

���

���

��


���

Fraction
of uranium�VI�

species

pH

UO��
�

UO�OH
�

UO��OH���aq�

UO��OH�
�

�

UO�PO
�

�UO�HPO��aq�

hydrogen ions released during the hydrolysis reaction� This quantity gives no information
as to whether the released protons come from coordinated water or hydroxide� In this
particular type of experiment the following equations are therefore equivalent from a
thermodynamic and modelling point of view� However� the constitution of the complexes
and their chemical properties will be very di
erent�

pMen� � qH�O�l� �� Mep�OH�
np�q
q � qH� �III���

pMen� � �q � 
�H�O�l� �� MepO�OH�
np�q
q�� � qH�

pMen� � �q � ��H�O�l� �� MepO��OH�
np�q
q�� � qH�

���

pMen� �
q

�
H�O�l� �� MepO

np�q
q�� � qH�

It is important to realise that the stoichiometric formulas above are equivalent in order
to avoid the same complex being included more than once in the mass balance equations
used in speciation codes�
In some cases there are additional data that can be used to deduce the chemically

correct stoichiometry� This is of great importance for chemical discussions of structure
and bonding� One example is o
ered by �UO����OH�

�
� � which is a predominant hy�

drolysis complex in the pH range ���� This complex has been studied by X�ray scat�

��
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Figure III�

� Isomorphic substitution of UO��
� with NpO��

� or PuO��
� in �UO����CO��

��
� �

One or possibly two uranyl ions may be replaced by another actinide�VI�yl�ion with the
overall geometry retained ���ABE�FER�� The �lled circles denote MO��

� ions and the
open circles the carbonate oxygen atoms�

tering in solution ���ABE� and found to have a planar geometry and the stoichiometry
�UO����O��OH�

�
� � cf� Figure III�
��

General information on the coordination may sometimes be used to ascertain
whether a proposed stoichiometry is chemically reasonable or not� An example
from Grenthe and Lagerman ��
GRE�LAG� is given in Chemical Thermodynamics
of Uranium ���GRE�FUG�� where the chemical composition of the ternary complex
�UO�����CO����OH�

��
�� proposed in a aqueous�solution study was justi�ed through a

chemical�structure reasoning�

The composition of the complexes formed in polynuclear metal hydroxide systems de�
pends on the pH and the total concentration of the metal ion� This is shown in the
distribution diagrams �Figure III�
�� for the hydrolysis of lead�II� at two di
erent total
concentrations� ��
� M and 
 � 
��� M� respectively�

In many modelling situations it is interesting to describe the behaviour of an element
present in trace concentrations� Under these circumstances we expect hydroxide com�
plexes to occur mainly in mononuclear form� However� when studying hydrolysis in the
laboratory it is often an experimental necessity to use much higher concentrations� where
the hydrolysis is dominated by the formation of polynuclear species� cf� Figure III�
�� The
experimental determination of equilibrium constants for mononuclear species may then be
impossible� or accompanied by large uncertainties� As a result the database for mononu�
clear hydroxide complexes is often rather poor� and it may be necessary to estimate the
constants� we will come back to this in Section III�����

��
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Figure III�
�� The structures of �UO����O��OH�
�
� and �UO����OH�

��
� in the solid state

�Uranium atoms are represented by the darker and larger spheres� Oxygen atoms by the
small light�gray spheres� and Chlorine atoms are shown by the spheres of intermediate
shade and size�� In the left �gure� the central oxygen atom represents an oxide ion and
the bridging oxygen atoms are hydroxide groups� The remaining coordination positions
are occupied by water oxygens and chloride ions� The bridging oxygen atoms in the
�gure to the right belong to hydroxide ions� The X�ray technique used does not allow the
determination of hydrogen atom positions ���ABE��

III����� Competition between di	erent metal ions for the same ligand

We can illustrate this process by the following simple exchange reaction between two
metal ions M and N and a ligand L�

ML � N �� M�NL

with the equilibrium constant

K � �N	�M �
�NL��M�

�ML��N�

The relative amounts of the species ML and NL depend both on the equilibrium constants�
and the total concentrations of M and N� As a result a metal ion like Ca�� that is present
in fairly large amounts in many ground and surface water systems may have an important
in	uence on the speciation of a trace element� even if the complex formation constants of
this are much larger than for Ca���

��



Complex formation� a competitive process

Figure III�
�� Distribution diagrams for lead�II� hydrolysis at two total metal concen�
trations� ��
� M �upper diagram� and 
 � 
���M �lower diagram�� The source for the
hydrolysis equilibrium constants is Ref� ���BAE�MES��
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Example ��

Calcium�II� and Cerium�III� are both present in ground and surface water systems� Both
elements form complexes with carbonate �a component in these systems�� but of very
di
erent strength� log�� ���Ca

��� � ���� and log�� ���Ce
��� � ���� log�� ���Ce

��� � 
����
for the formation of CaCO��aq�� CeCO

�
� and Ce�CO��

�

� � respectively� Figure III�
� shows
the relative amounts of CaCO��aq� and CeCO

�
� as a function of log���CO

��
� � when the

total concentrations of Ca�II� and Ce�III� are 
 � 
��� M and 
 � 
��� M respectively�

III�
� Theoretical framework for the estimation of equilibrium constants

The varying chemical conditions in nature may result in the formation of totally new
species for which no laboratory data are available� When modelling chemical processes
it is essential to keep this possibility in mind� Thermodynamic databases may thus be
incomplete and it is necessary for the modeller to be able to judge if and where such
lack of data may occur� This requires knowledge both of the general chemical principles�
which often are qualitative� and methods to estimate the stoichiometry of complexes and
their corresponding thermodynamic data�

III�
��� On the magnitude of equilibrium constants and the ratios between equilibrium
constants for successive complex formation reactions

In systems where more than one ligand is bonded to the metal ion we can de�ne equilib�
rium constants for the consecutive reactions� which are of the type�

M � L �� ML �� � K�

ML � L �� ML� K�
���

���
MLn�� � L �� MLn Kn

And we have �n � K�K�� � � � Kn�
With few exceptions these equilibrium constants decrease in the order K� � K� �

� � � � Kn� The exceptions are found mainly among the mononuclear hydrolysis reactions
�where the quality of the data are not always as good as would be desired�� for systems
containing ��bonding ligands such as cyanide� and for some reactions involving Hg�II� and
Tl�III�� This empirical �nding is useful when estimating equilibrium constants for higher
complexes in situations where there is only experimental information for the formation
of the �rst complex� We can go a step further and explore the expected ratios between
equilibrium constants for consecutive complex formation reactions in chemical systems
where we have a well de�ned coordination geometry� assuming that these are based on
statistical considerations alone�

��
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Figure III�
�� Carbonate complexes of calcium�II� and cerium�III�� The pH�dependence of
the free carbonate concentration is shown in the upper plot under the same conditions as
the lower graphs �note that �CO��

� � changes by a factor � 
�
� in this pH�range�� All three

diagrams have been calculated at �CO��
� �total � ���
M� and the two lower diagrams with

�Ca�II��total � 
���M� and �Ce�III��total � 
���M for both� Note that calcite �CaCO��
precipitates at pH � ��� under these conditions� Setting �Ca�II��total � � does not a
ect
the lower diagram because the carbonate�Ca�II� ratio is large� Equilibrium constants �at
I � � and ���C� are from ���KRA�DEC� ��WOO� ��MOR�HER��
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Example 
�

Let us consider the case discussed by Beck and Nagyp!al ���BEC�NAG�� the coordination
of a bidentate ligand to a metal ion with octahedral coordination geometry �an octahedron
has six corners and twelve edges�� The �rst ligand molecule can bind along any of the
edges� and it can dissociate in only one way� The second ligand molecule can then bind
along any of the �ve remaining edges� where no corner is occupied by the �rst ligand� and
the dissociation can occur in two di
erent ways� If the complex formation is determined
by statistical factors alone we expect the ratio between the �rst two constants to be�
K�	K� �

��
�
� �

�
� ����

The third ligand can only be bonded in one way� but dissociate in three� This statement
must be modi�ed for the case where the two ligands are bonded in trans�position to one
another� The two free positions in the coordination polyhedron are then opposite one
another and not along a common edge� This distance is so large that the ligand cannot
span it� One out of the �ve possibilities of binding the second ligand gives rise to this trans�
bonding� Hence� the expected ratio betweenK� and K� based on statistical considerations
is� K�	K� �

�
�
� �

�
� �

�
� ������

III�
��� Estimation of equilibrium constants for ternary complexes

It is also possible to calculate the statistical value of the equilibrium constant for a mixed
complex from the equilibrium constants of the corresponding binary complexes� e�g��

MA� �MB� �� �MAB

If we select ligands that give complexes with the same number of donor atoms we have
the following probabilities for the various reactions �adapted from ���BEC�NAG���

M
Z
Z
Z�






� Z

Z
Z�






�

Z
Z
Z�






�
MB�

MAB

MA�

MA

MB
���

���

���

���

���

���

i�e�� the probabilities of formation of MA� and MB� are both proportional to
�
� �

�
� �

�
��

while the probability of formation of MAB is proportional to � � �
� �

�
�� The statistical

value for the equilibrium constant is then ����
�	����

� � �� or ��MAB � �� �MA� � �MB��
Experimental observations indicate that the ratio between successive equilibrium con�

stants often deviates signi�cantly from the statistical value � the reason is that the chem�
ical interactions in general are speci�c�
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In most cases the behaviour of the binary systems are experimentally known� In this
situation one can modify the statistical procedure for estimating the equilibrium constant
of the mixed complexes� The procedure for a three component system is outlined in the
following scheme �adapted from ���BEC�NAG���

M
�

�
�

�
�

�
��

�
�
�
�
�
�
�R
MAMB

KA
�
�A�

KA
�
�A��KB

�
�B�

KB
�
�B�

KA
�
�A��KB

�
�B�

MB� MAB MA�

�
�

�
�

�
�

��

�
�
�
�
�
�
�R

�
�
�
�
�
�
�R

�
�

�
�

�
�

��

KA
�
�A�

KA
�
�A��KMA�B�B�

KB
�
�B�

KMB�A�A��KB
�
�B�

KMA�B�B�
KA
�
�A��KMA�B�B�

KMB�A�A�
KMB�A�A��KB

�
�B�

where the quantities KMA�B and KMB�A are equilibrium constants which describe the
a�nities of MA for B and MB for A� respectively� If MA and MB bind A and B equally
we have KMA�B � KA

� and KMB�A � KB
� � If B binds with the same strength to MA and

MB we have KMA�B � KB
� and for A KMB�A � KA

� � If we do not know the real bond

strength we can use KMA�B � KMB�A �
q
KA

� �K
B
� as a reasonable estimate� K� and K�

are the stepwise equilibrium constants in the binary systems�
Beck and Nagyp!al ���BEC�NAG� give an extensive discussion� and we will just present

their results for reactions of the type depicted in the previous scheme� The statistical
value for the equilibrium constant for the reaction

MA� �MB� �� �MAB

is equal to

Kstat � � �
KA

�

KB
�

�

vuutKB
�

KA
�

�
KB

�

KA
�

�

vuutKA
�

KB
�

�III���

From this expression we �nd that Kstat � � only holds if KA
� 	
q
KA

� � KB
� 	
q
KB

� � In all
other cases the value of Kstat is larger�
Figure III�
� shows the value of log��Kstat if the formation of the ternary complexes is

governed by statistical factors only and KMA�B � KMB�A �
q
KA

� �K
B
� � This curve could

be used as a guideline for estimating such equilibrium constants� when the behaviour of
the binary systems are known� The ternary system Hg�II��Cl��OH�� cf� Figure III��� is

��
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Figure III�
�� The statistically expected equilibrium constant Kstat for MA� � MB� ��

�MAB as a function of log����K
A
� 	K

B
� � �
q
KB

� 	K
A
� �� Adapted from ���BEC�NAG��
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an example where the magnitude of the equilibrium constant for the ternary complex
HgOHCl�aq� deviates strongly from the statistical value�

We can use data for the U�VI��oxalate and carbonate systems to estimate the equilib�
rium constant for the formation of the complex �UO��ox�CO�����

Example ��

Estimate the equilibrium constants for the formation of UO��oxalate��CO��
�� from the

following equilibrium constants for the binary systems �data at I � �� carbonate and
oxalate constants are taken from ���GRE�FUG� and ���HAV�� respectively��

log�� ���UO�CO�� � ��� � log�� ���UO��CO��
��
� � � 
��� �

log��K��UO��CO��
��
� � � ���

log�� ���UO��oxalate�� � ��� � log�� ���UO��oxalate�
��
� � � 

�� �

log��K��UO��oxalate�
��
� � � ����

� If we assume that the stepwise complexes in both the binary systems and in the
ternary complex are formed statistically we have
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�stat�UO��oxalate�CO
��
� � � �

q
���UO��oxalate�

��
� ����UO��CO��

��
� �

log�� ��UO��oxalate�CO
��
� � � 
���

� If we use the experimental ratios of the stepwise constants we will have a di
erent
result because these are quite di
erent in the two systems� For the carbonate system
we have

log�� ���UO�CO���



�
log��K��UO��CO��

��
� � � ��


and in the oxalate system

log�� ���UO��oxalate���



�
log��K��UO��oxalate�

��
� � � ���

By using the curve in Figure III�
� and the experimental quantity

log��
���UO�CO��

���UO��oxalate��

vuutK��UO��oxalate�
��
� �

K��UO��CO��
��
� �

we obtain log��K
stat � 
��� and log�� ��UO��oxalate�CO

��
� � � 
����

This example may give an idea of the uncertainty in this type of estimations "

A �phase diagram�� cf� Figure III�
�� where the components� a metal ion and two
ligands are placed in the corners of an equilateral triangle� may be used to describe
di
erent ternary systems�

� if only binary interactions occur in the system� all compositions fall along two of
the sides of the triangle� The properties of the three�component system are then
the sum of those of the constituent binary systems�

� if the metal cation� Me� forms ternary complexes with the two ligands� X and Y�
there will be composition points inside the ternary diagram� and the system is
not additive� In the absence of experimental information� it is necessary to use
the general theories from coordination chemistry to estimate the stoichiometry and
equilibrium constants of the possible complexes that may form in these systems�

In systems where ternary complexes are formed� the properties of the ternary system
will be equal to the sum of the Me�X and Me�Y systems only when the concentration
of the ternary species is negligible in comparison with the binary complexes�

In general one �nds that the system is additive when the bonding strength between the
metal cation and the two ligands di
ers considerably� The formation of predominating
amounts of ternary complexes �with the exception of H� and OH� containing species�


�
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Figure III�
�� Compositions of complexes formed in the Al���Cl��dimethylformamide
system� Adapted from ���BEC�NAG��
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requires a close balance between ligand geometry� bonding strength and concentrations�
and this situation is likely to be rare�
In many modelling situations one has a rather large number of components� and there

is in general no information on the possible ternary� or higher interactions among all these
components� The discussion above indicates that to describe ternary interactions� only
a small number of the components need to be taken into account � the choice of these
components must be based on general chemical knowledge�

Example ��

Estimate the possible stoichiometric compositions for a ternary system containing UO��
� �

a bidentate ligand �oxalate� carbonate�� and a strong binding monodentate ligand like
	uoride or hydroxide� The coordination geometry around U�VI� is a pentagonal� or
hexagonal bipyramid� Figures III�
�� III�
� and III�
� illustrate the geometry of some
binary and ternary complexes studied in the solid state� The uranium�VI� oxalate system
has been studied in solution by Havel ���HAV� who found that the equilibrium constant
for the reaction

UO��oxalate�
��
� � oxalate�� �� UO��oxalate�

��
�

was only log��K� � ���� i�e�� much smaller than those for the formation of the �rst two
oxalate complexes �which are log��K� � ��� and log��K� � ���� all data at I � 
M��
This �nding �ts nicely with the structural information �Figures III�
� to III�
�� which
indicates that the third ligand can only use one of its carboxylate groups in bonding� with
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Figure III�
�� The coordination geometry of uranyl oxalate complexes� I�
UO��oxalate�F

��
� � All ligands are located in a plane perpendicular to the linear O�U�

O axis� forming a pentagonal bipyramid�

a much lower equilibrium constant as a result� This is an example of steric interference�
There is not room for three oxalate groups bonded by both their carboxylate groups� The
ligand bite is at least ��� #A smaller when the oxalate uses a carboxylate group that is
bonded �end�on� and this makes it possible to bind the third ligand�

Based on structural information alone� one might therefore expect the fol�
lowing ternary complexes to be formed� UO��oxalate�F�� UO��oxalate�F

��
� �

UO��oxalate�F
��
� � UO��oxalate��F��� F� can be replaced by hydroxide� For carbonate�

the same stoichiometries are possible� In the four component system U�VI��carbonate�
oxalate�	uoride� the ternary complex UO��oxalate�CO

��
� might also be formed�

III�
��� On the use of correlations for the prediction of equilibrium constants

The equilibrium constant is a characteristic of a reaction� nevertheless it is often possible
to correlate the values of log��K for a series of reactions with some property�ies� of
the metal ion or the ligand� Correlations of this type are always based on a chemical
model�theory� and they are useful because they summarise the properties of a large group
of data in a concise way� at the same time as they provide a rationale for predicting the
values of equilibrium constants for which no experimental data are available� It must
be emphasised that the e�cient use of correlations requires chemical information about
coordination geometry� donor�acceptor characteristics� information of the structure and
conformation freedom of the ligand� etc� It is within classes of reactions that share some
common characteristics that correlations are most precise� In the following section we
will give examples of some of the correlations used by coordination chemists�
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Figure III�
�� The coordination geometry of uranyl oxalate complexes� II�
UO��oxalate��H�O��� All ligands are located in a plane perpendicular to the O�U�O
axis� forming a pentagonal bipyramid�

III�
����� Correlations based on the size and charge of the metal ion

The theoretical idea behind these type of correlations is the ionic model of chemical
bonding� i�e�� a model where the chemical forces between atoms are largely of electrostatic
type� We then expect that the bond energy� E� between a certain ligand and a series of
di
erent metal ions will be governed by the size and charge of the reactants as follows�

E � ZMZL	dM�L

where ZM and ZL are the charges of metal ion and ligand� respectively� and dM�L is
the bond distance between them� cf� p���� When comparing complexes between di
erent
metal ions and the same ligand we expect that� E � ZM	dM�L�

Correlations of this type should work best for chemical systems where the general chemi�
cal behaviour indicates a signi�cant electrostatic component in the chemical bonding� e�g��
the bonding between hard acceptors and hard donors�

A theory based on this concept was developed by Kossiako
 and Harker
���KOS�HAR� to describe the protolytic behaviour of inorganic acids of the type
MOp�OH�	�p�q�z
�q � This theory was used and extended by Baes and Mesmer to de�
scribe the variations of the �rst hydrolysis constants of metal�hydroxide complexes with
the �ion�potential�� z	dM�O of the metal ion� Figure III��� illustrates the results of this
type of correlations� It should be pointed out that the uncertainty in the experimental
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Figure III�
�� The coordination geometry of uranyl oxalate complexes� III�
UO��oxalate�

��
� � The three oxalate ligands are placed in a plane approximately per�

pendicular to the O�U�O axis� forming a hexagonal bipyramid� The third ligand can only
use one of its carboxylate groups in bonding� This ligand is no longer planar as the other
two�

equilibrium constants may be large� because the predominant reactions in these systems
involve polynuclear species�

Fluoride complexes are also expected to show a similar behaviour and Figure III��

shows the dependence of the equilibrium constant for the formation of MFn� complexes
for several metal cations with z	dM�F�
Baes and Mesmer have made extensive use of �electrostatic� type of correlations in

their discussions of the chemistry of metal�ion hydrolysis and the solubility of hydrous
metal oxides�
For the reaction�

M�OH�z�cr� � �z � 
�M
z� �� zMOH	z��
� �III���

we have

K�III��� �
�MOH	z��
��z

�Mz��z��
� Kz

�Ks��

and

log��K�III��� � z log��K� � log��Ks�� �III���
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Figure III���� The linear dependence of log��K� for reaction� Mn��OH� �� MOH	n��
��
on the ratio of the charge to the M�O distance for four groups of cations� The dashed lines
show the correlations given by Baes and Mesmer ���BAE�MES�� cf� their Figure 
����
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where K� and Ks�� correspond to the following two equilibria respectively�

Mn� �OH� �� MOH	n��
� K�

M�OH�z�cr� �� Mn� � zOH� Ks��

The value of log���K
z
�Ks��� is ���� for most metal cations� as indicated by the plot of

�
z
�log��Ks�� � ���� vs� log��K� shown in Figure III����
Correlations of this type are very useful to predict log��K� �which often are di�cult to

measure experimentally� from log��Ks�� �which often can be determined experimentally
with high precision��
For further details about these and other correlations for this important group of com�

plexes� the reader is referred to Chapter 
� in the classic book by Baes and Mesmer� �The
Hydrolysis of Cations� ���BAE�MES��
There are other correlations between the ionic properties of metal cations� e�g�� be�

tween the ionic radius and the electronic con�guration� the charge� the electronegativity�
and the ionisation potential� Hence� one also expects correlations between equilibrium
constants and these quantities� an example is the following correlation �van Panthaleon
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Figure III��
� The dependence of log��K� for the formation of metal 	uoride com�
plexes� MFn�� with the ratio of the charge to the M�F distance� Ionic radii are
from ���SHA�PRE�� and stability constants are from ���SMI�MAR� ��MAR�SMI�
��SMI�MAR� �circles� data at I � �� triangles� data at I � ���
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van Eck ���PAN���

log��K� � p �In � q�

where K� is the equilibrium constant for the formation of the complex ML� In is the n�th
ionisation potential of the cation Mn�� and p and q are constants which depend on the
ligand and the experimental conditions� An example of this kind of correlation is given in
Figure III��� for some complexes of glycine� The same equilibrium constants are plotted
as a function of the electronegativity of the metal cation in Figure III��� as an example
of another type of correlation between equilibrium constants and ionic properties�

III�
����� Ligand �eld theory and Irving and Williams series

The equilibrium constants for the ��d transition elements from Mn�II� to Zn�II� vary in
a regular way as indicated in Figure III����
The observed variations can qualitatively be explained by using the ligand��eld the�

ory� According to this the observed variations are a result of the di
erent d�electron
con�gurations of the central ion� This theory is useful for describing the variation of
thermodynamic quantities for transition elements with partially �lled d�orbitals� More
details may be found in standard textbooks ���GRE�EAR� p�
���� ��COT�WIL� p������
The general increase in stability from Mn�II� to Zn�II� may be looked upon as a result
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Figure III���� The constancy of the equilibrium constant for Reaction �III����
M�OH�z�cr�� �z� 
�M

z� �� zMOH	z��
�� The line corresponds to K�III��� � Kz
�Ks�� �


������ cf� Eq� �III���� Data from ���BAE�MES� at I � � and ���C�
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of the decreasing ionic radius from Mn�� to Zn��� while the other variations are a result
of di
erences in the d�electron con�gurations among the metal ions� The variations ob�
served depend on the donor atoms in the ligands and the coordination geometry� Hence
interpolations may only be made for a series of complexes of the same stoichiometry and
coordination geometry� Correlations may be made not only for stability constants� but
also for other thermodynamic quantities ���IRV�WIL� ��JOH�NEL��

III�
��� Correlations based on properties of the ligand

The most important of these correlations is between the log��K values for the formation
of metal complexes between the same metal and di
erent ligands and the log��K for
the protonation of the same ligands� The theoretical concept behind this is that both
the binding of a proton and a metal ion to the ligand are chemically similar processes�
a Lewis acid�base reaction involving the donation of an electron pair from a donor �the
ligand� to an acceptor �the proton� or a metal ion�� This and other correlations assume
that one characteristic property is responsible for the variation of the log��K�values�
This is seldom the case� However� the correlations are most likely to work for complexes
containing only few ligands that do not contain too many donor atoms� so that steric
interference is less important� We will now give examples of correlations of this type and
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Figure III���� The dependence of the stability constants� log��K�� of some M�II��glycine
complexes as a function of the second ionisation potential of the central metal ion� The
stability constants are taken from ��
KIS�SOV�� Distinct correlations are found for alka�
line earth metals and transition metals of oxidation state ��� Pb�II� does not �t in either
correlation�
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also discuss the observed deviations�
Figure III��� shows correlations between the equilibrium constants for the formation of

Fe�III� complexes with substituted phenols and salicylic acids� The donor atoms and the
coordination geometry are the same for each ligand� but the protonation constants and
the metal complexation varies by changing substituents in the non�bonding part of the
ligands�
The two lines shown in Figure III��� have a slope of one� i�e�� the equilibrium constants

are strictly proportional to the protonation constants of the ligand� Hence� the equilibrium
constant for the reactions

Fe�� �HL �� FeL�� �H�

has the same value for all substitued salicylates� It is not uncommon to �nd slopes which
di
er from unity�

III�
��� Correlations between equilibrium constants� log��K� of di	erent metal ions

There are two types of correlations� the �rst between two metal ions of similar chem�
ical characteristics �hardness�softness� charge and coordination geometry� and di
erent
ligands �Figures III��� and III����� and the second between ligands of similar chemical
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Figure III���� The dependence of the stability constants� log��K�� of some M�II��glycine
complexes as a function of the electronegativities of the central metal ion� The stability
constants are taken from ��
KIS�SOV�� The electronegativities stem from ���PAU� �for
Cu�II�� and ��
ALL� �all other metal cations��
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Figure III���� The dependence of log�� �� for complexes of bivalent transition metal cations
with a few ligands� Values of log�� �� originate from ���SMI�MAR�� Figure adapted from
��
STU�MOR� ��BEC�NAG��
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Figure III���� Correlations between equilibrium constants for the formation of Fe�III�
complexes with substituted phenols and salicylic acids and the �rst protonation con�
stant of these acids� The data refer to zero ionic strength� and are from ���MAR�SMI�
��MAR�SMI� ��SMI�MAR�� Lines of unity slope are added for illustrative purposes�
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characteristics �hardness�softness� chelate rings and coordination geometry� and di
erent
metal ions �Figures III��� and III�����

The �rst diagram contains information about a large number of complexes of Cu�II� and
Ni�II� with ligands containing di
erent numbers and types of donor atoms �Figure III�����
the second diagram is a correlation between Sr�� and Ca�� complexes of di
erent ligands
�Figure III����� The good correlation between the two metal ions indicate that the vari�
ation in chemical properties are rather similar �a fact known also from other chemical
observations�� This type of diagram is useful for the prediction of unknown stability
constants for one metal� from known data for the other�

Other types of correlations are shown in Figures III��� and III���� The �rst shows the
correlations between equilibrium constants for the ligands edta and dcta �
���diamino�
cyclohexane�N�N�N$�N$�tetraacetate� for di
erent metal ions� The two ligands contain the
same number and type of donor atoms �two nitrogen atoms from the amino groups and
four oxygens� one from each acetate group�� The similarity in the ligand characteristics
results in similar variations among the stability constants for a large group of di
erent
metal ions� There seems to be a systematic di
erence in stability of about 
�
 logarithmic
units in favour of dcta� The metal ions given in the diagram are able to use all the
available donor atoms� This is not the case for all metal ions� as illustrated by the
following correlation diagram between edta and nta �nitrilo�triacetate� complexes�
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Figure III���� The relationship between equilibrium constants for copper and nickel com�
plexes of several organic ligands� Adapted from ���IRV�ROS��
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Both these ligands contain the same type of donor atoms� but their number and geomet�
rical location are quite di
erent� ��OCOCH���NCH�CH�N�CH�COO��� for edta versus�
N�CH�COO��� for nta�

Figures III��
 to III��� show the structures of some nta complexes� The nta�edta
correlation line in Figure III��� with a slope of ��� shows that the nta complexes are less
stable than the corresponding edta complexes � this is no doubt due to the coordination
of the six donor atoms in edta versus at most four in nta� However� the ��yl� complexes
�NpO�

� � UO
��
� and VO�

� � of edta and nta are close to the 
�
 diagonal� indicating a similar
coordination of the ligands� Figures III��� and III��� show that there is a mismatch
between the coordination geometry of edta and the �yl��cations� In the U�VI��complex
only one N�CH�COO�� group of the edta molecule can bind for sterical reasons� In the
corresponding nta�complexes one presumably has the same type of coordination�

A comparison of the structure of VO�edta�� �Figure III���� with the coordination ge�
ometry of nta indicates that both ligands may bind with a similar geometry � Four bonded
donor groups in both edta and nta should result in equilibrium constants of similar mag�
nitude� which is con�rmed by the experimental data�
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Figure III���� Correlation of stability constants for complexes of calcium and stron�
tium with several organic ligands� The data refer to zero ionic strength� and are from
���MAR�SMI� ��SMI�MAR� ��MAR�SMI� ��MAR�SMI� ��SMI�MAR��
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III�
�
� Correlations between successive equilibrium constants

In systems where mononuclear constants of the type MLn are formed one often �nds
regularities between the successive equilibrium constants provided that there are no major
changes in coordination geometry due to steric interference between the metal ions and the
ligands� cf� Section III���
 on p���� Figure III��� illustrates this for log��K�� and log��K�

for oxalate� citrate and nta complexes for a set of di
erent metal ions� The regression lines
between the two sets of log��K have a slope close to unity� and an intercept indicating that
the di
erence between the two sets is nearly constant �however� the value di
ers to some
extent from the one expected from statistical considerations alone�� It is interesting to
observe that the largest deviations from the correlations are found for the tetra�dentate
nta ligand which has a structure that does not permit the coordination of all donor
atoms in complexes of octahedral �Fe��� or square planar geometry �Pd�II��� The lack
of correlation between log��K� and log��K� for the �yl��ions is certainly related to their
coordination geometry as illustrated in Figs� III�
� and III�
��

The observation of large variations in stability of nta complexes also correlates nicely
with the molecular structures of such complexes �Figures III��
 to III����� Cations with
large ionic radii like the lanthanides� Zr�IV�� ter� and tetravalent actinides� have coordina�
tion numbers of eight and higher and also large values of log��K�� These complexes seem
to follow a similar linear relation as found� e�g�� for citrates� All cations with maximum
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Figure III���� Correlation between log��K for ethylenediaminetetraacetate �edta� and

���diaminocyclohexane�N�N�N$�N$�tetraacetate �dcta� complexes� The line has a unit
slope� The data refer to ���C and at I � ��
 M� Adapted from ���IRV�ROS��
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coordination numbers smaller than eight have low log��K� values�

III�
��� An example of the use of estimation methods for the modelling of a complex
aquatic system� the in
uence of oxalate on U�VI� speciation

We want to estimate the in	uence of oxalate on aqueous U�VI� speciation for a range of
typical groundwaters� U�VI� is taken as an example of actinides� its inorganic complexa�
tion behaviour is discussed in Grenthe et al� ���GRE�FUG�� Oxalate belongs to the class
of simple carboxylic acids� It occurs naturally in plants but was also found to be the
most important product of radiolytic degradation of bitumen ��
LOO�KOP�� The main
geochemical parameters of groundwaters included in this example are pH� pCO� and the
concentration of alkaline earth metals� Uranium is thought to be present in low concen�
tration �
��� M�� Thus� we have to consider U�VI��hydroxide� �carbonate and �oxalate
complexes� including the possible formation of mixed ligand �ternary� complexes� In order
to keep the example simple� the in	uence of 	uoride� phosphate or sulfate complexes is
neglected here� We want to estimate the minimum concentration of oxalate in ground�
waters necessary to cause a signi�cant in	uence on the speciation of U�VI�� The level
of signi�cance is somewhat arbitrarily chosen as ��% U�VI��oxalate complexation� If we
know the minimum oxalate concentrations as a function of the main geochemical param�
eters of groundwaters� we are able to decide under which conditions� if at all� oxalate will
in	uence U�VI� speciation�
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Theoretical framework for the estimation of equilibrium constants

Figure III���� Correlation of stability constants for complexes of nta and edta� Complexes
of ��yl� cations are shown as circles� all other complexes shown as squares� The data refer
to I � � and are taken from ���MAR�SMI� ��MAR�SMI� ��SMI�MAR��
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In a �rst step we have to consider all possible complexes in the chemical system�

U�VI� is known to form hydroxide complexes UO��OH���nn up to n � �� There are
also a series of polynuclear hydroxo complexes� but for total U�VI� concentrations less
than 
��� M they are minor species contributing less than 
�% to the total speciation�
Carbonate complexes UO��CO�����mm are formed up to m � �� A well established trin�
uclear carbonate species is negligible at low U�VI� concentrations� All data are taken
from Grenthe et al� ���GRE�FUG�� except the value for UO��OH���aq�� where a better
estimate is taken from ���PAS�KIM��

Oxalate complexes UO��ox����pp are also formed up to p � �� but in contrast to carbon�
ate the tri�oxalate complex is very weak due to stereochemical reasons� cf� Figure III����
The equilibrium constants for the U�VI��oxalate system were taken from Havel ���HAV��
Note that this spectrophotometric study was performed at low pH �less than �� and atmo�
spheric CO� partial pressure in order to avoid complications due to U�VI� hydrolysis and
carbonate complexation� Hence� these experimental data give no information whether
ternary complexes involving hydroxide or carbonate play a role in systems of higher pH
and pCO� � or not�

Ca and Mg also form oxalate complexes� As can be seen in Figure III��� �K��K�

correlations� Section III������ the stability constants of Ca� Mg and Sr oxalate complexes
are rather similar� but the Sr constant is somewhat lower� according to the overall Ca�Sr
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Chemical Background for the Modelling of Reactions in Aqueous Systems

Figure III��
� Coordination geometry of Ni�nta���� � Ni�II� has a coordination number of
six� forming an almost perfect octahedral coordination with the two nta ligands� Each nta
molecule therefore is coordinated with only one N�CH�COO�� group� the third carboxylate
group is not bound in this complex�

Figure III���� Coordination geometry of Fe�nta���� � Fe�III� is seven coordinate with two
nta ligands� Note� that the same coordination number is also found for edta �Figure III����
One nta ligand is bonded with four donor groups� the second one with only three donor
groups� i�e�� one carboxylate group of this second ligand is not coordinated in this complex�
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Theoretical framework for the estimation of equilibrium constants

Figure III���� Coordination geometry of Zr�nta���� � Zr�IV� shows a coordination number
of eight� All four donor groups of both nta ligands are bonded to the metal cation� The
increase in coordination number from Fe�III� �Figure III���� to Zr�IV� is correlated with
an increasing ionic radius�

Figure III���� Coordination geometry of Nd�nta��H�O
��� The further increase in the ionic

radius compared to Fe�III� and Zr�IV� results in a coordination number of nine� All four
donor groups of both nta ligands are bonded to the metal cation and in addition a water
molecule is coordinated�
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Chemical Background for the Modelling of Reactions in Aqueous Systems

Figure III���� Coordination geometry of VO�edta��� Only four donor groups �two car�
boxylate oxygens and two nitrogen atoms� in edta are coordinated to the VO�

� ion� The
two other carboxylate groups of edta are not bound in this complex� Note that in con�
trast to the linear UO��

� ion� the VO�
� ion is bent with an O�V�O angle of about 
��

�

��
SCH�COU��

relation observed for a large range of ligands �Figure III���� Ca�Sr relation� Section III������
Therefore� the competition of Ca� Mg and Sr can be summarised by two �alkaline earth
constants� �
�
 and 
�� complexes� in the model�
There are many precise investigations reported in the literature on the binary sys�

tems U�VI��carbonate and U�VI��oxalate� but there are no data available concerning the
ternary U�VI��carbonate�oxalate system� Based on the similarity of the two ligands the
formation of ternary complexes has to be considered �cf� Example � in p�
���� As dis�
cussed in Section III���
� the formation of 
�
�� and 
���
 complexes is unlikely due to
sterical reasons� The formation of 
�
�
 complexes� however� may signi�cantly in	uence
the speciation of U�VI�� The equilibrium constant for the reaction

MX� �MY� �� �MXY

was estimated in two di
erent ways in Example �� p�
��� resulting in log��K����� � 
���
and log��K����� � 
���� respectively�
We have also to consider the possible formation of ternary complexes involving hydrox�

ide� in addition to oxalate or carbonate� In the uranium�VI� system we have information�
or estimates� of the equilibrium constants for the formation of UO�OH

�� UO��OH���aq��
UO��OH�

�

� and UO��OH�
��
� � It seems reasonable to assume that the acidity of� e�g��

UO�L�H�O��� is not larger than that of UO��H�O�
��
� � As a matter of fact� the experimen�
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Theoretical framework for the estimation of equilibrium constants

Figure III���� The structure of the dinuclear complex �UO���edtaF
��
� � The coordina�

tion geometry of the UO��
� ion only allows the bonding of �half� of the ligand� the

�N�CH�COO��� group to each metal ion� The remaining two coordination sites are oc�
cupied by two 	uoride ions� Note the pentagonal bipyramid geometry of both UO��

�

ions�

tal information ���RAJ�MAR� ��FRA�LOU� indicates that the equilibrium constant for
a reaction of the type

ML�aq� � H�O�l� �� ML�OH��aq� � H�

is at least a factor of ten smaller than for the reaction

M�aq� � H�O�l� �� MOH�aq� � H�

An estimate of the equilibrium constants for the reactions

UO�Ln�aq� � H�O�l� �� UO�Ln�OH��aq� � H
�� n � 
� � �III���

is then obtained from the corresponding hydrolysis reaction of UO��
�

UO��
� �H�O�l� �� UO��OH�

� �H�� log��K � ����

For all Reactions �III��� we have assumed log��K � ��� This assumption is probably
quite adequate for a neutral ligand� L� If the ligand is charged� however� this assumption
will represent the maximum e
ect of the mixed ligand complexation�
There is no experimental information allowing an estimate of the equilibrium constants

for reactions of the type

ML�aq� � �H�O�l� �� ML�OH���aq� � �H
�
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Chemical Background for the Modelling of Reactions in Aqueous Systems

Figure III���� Correlations between log��Kn and log��K	n��
 for oxalate� citrate and nta
complexes� The data refer to I � �� and are taken from ���MAR�SMI� ��MAR�SMI�
��MAR�SMI� ��SMI�MAR�� except oxalate data for Ca� Co� Ni� Eu� and U�VI� which
are the result of re�evaluations of the original literature�
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Theoretical framework for the estimation of equilibrium constants

Figure III���� Concentration of oxalate necessary to bind ��% of �U�VI��total as oxalate
complexes �including estimated ternary complexes�� The diagram illustrates the pH and
pCO� values where this takes place�
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Also for these reactions it seems probable that the equilibrium constants are orders of
magnitude smaller than for the reactions

M�aq� � �H�O�l� �� M�OH���aq� � �H
�� log��K � �
���

This would� for the present case� indicate that the equilibrium constants for the reactions

UO�L � �H�O�l� �� UO�L�OH�� � �H
� �III���

are log��K�III��� � �
�� hence� these species are not important in ground water systems�
Ternary complexes UO�L�OH�� are geometrically possible� using the previous line of

argument they are not likely to be present in appreciable amounts at the pH values
encountered in natural water systems�
The concentration of oxalate necessary to complex ��% of the total concentration of

U�VI� is shown in Figure III��� as a function of pH and pCO� at I � ��
M� At pH�� and
pCO� � 
�

�� bar� there is no competition of U�VI��hydroxide and �carbonate complexes�
and thus very low oxalate concentrations are su�cient to complex ��% of U�VI�� mainly as
UO�ox �where �ox� stands for the oxalate anion�� With increasing pH at low pCO� � U�VI�
hydroxo complexes act as competitors to U�VI��oxalate and UO���OH��ox complexes� In
the region where both pH and log�� pCO� increase� the carbonate complexes dominate and
U�VI� hydroxo complexes become minor species� In this range a dramatic increase in
oxalate concentration is required to obtain ��% oxalate containing U�VI� species� This is
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Chemical Background for the Modelling of Reactions in Aqueous Systems

Figure III���� Contour plot of the concentration of oxalate necessary to bind ��% of
�U�VI��total as complexes containing oxalate� including estimated ternary complexes �the
lines show projections of the log���oxalate� levels in Fig� III����� Crosses correspond to
analyses for more than ��� Swiss groundwater samples�
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due to the fact that UO��ox�
��
� and the very weak UO��ox�

��
� complex cannot compete

with the very stable UO��CO��
��
� �

Model calculations made by varying the concentration of Ca using the common �alkaline
earth constants� mentioned previously showed that the competition of alkaline earth
metals remains negligible as long as �Ca� � �Mg� � �Sr� � 
��� M� Natural groundwaters
seldom exceed this value� Figures III��� to III��
 have therefore been calculated with
�Ca� � �Mg� � �Sr� � 
��� M�

If the three�dimensional surface in Figure III��� is projected onto the pH�pCO� plane�
contour plots can be drawn� as is shown in Figure III���� In addition� data derived from
more than ��� Swiss groundwater analyses are added� As can be seen in the contour
plot� more than 
��� M oxalate is needed for almost all groundwaters in order to complex
��% of U�VI�� Such high oxalate concentrations are never encountered under natural
conditions�

The groundwater data show a strong correlation of pCO� with pH� It may be shown that
these values can approximately be described as a closed system in equilibriumwith calcite�
and it follows that these systems are not in equilibrium with air� where pCO� � 
�

���� bar�

The in	uence of the ternary complexes� whose stability constants are only estimated�
is shown in Figures III��� and III��
� The ��D surfaces in Figure III��� show the results
of model calculations without ternary complexes �white surface� on the background of
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Theoretical framework for the estimation of equilibrium constants

Figure III���� Concentration of oxalate necessary to bind ��% of �U�VI��total in oxalate
containing species �excluding ternary complexes�� The diagram illustrates the pH and
pCO� values where this takes place� The darker surface in the background is that shown
in Fig� III���� where ternary complexes �of estimated stability� are included�
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the previous results �ternary complexes included� dark surface taken from Figure III�����
When the ternary complexes are not included there is an increase in the concentration
of oxalate needed in order to complex ��% of U�VI�� The magnitude of this di
erence
varies� although in general it is rather small� it becomes more than a factor of two at low
pCO� and in the pH range of � to �� In this parameter range the complex UO��OH��ox�

�

predominates� In order to examine the e
ect of UO��CO��ox�� alone� contour lines for
two di
erent model calculations are shown in Figure III��
� The solid lines are contours of
the white surface in Figure III���� where calculations without any ternary complexes have
been made� The dotted lines show results of calculations with UO��CO��ox�� added to
the model� The in	uence is rather small� its maximum of half a log�unit� is seen between
pH ��� and ��� when 
����� to 
����� M oxalate is needed for ��% U�VI� complexation�
The model calculations indicate clearly that only two ternary complexes UO��

� �oxalate�
OH� and UO��

� �oxalate�carbonate a
ect the modelling� but that their in	uence is fairly
small�
One may ask if it is necessary to improve the modelling by additional laboratory ex�

periments of the ternary systems� It depends � as long as there is no indication that the
ternary complexes are much stronger than estimated here� and as long as common ground�
waters are discussed� there is no need for such studies� In the worst case �Figure III����
more than 
��� M oxalate is needed in order to see any signi�cant in	uence of oxalate on
the U�VI� speciation� In groundwaters containing at least 
��� M Ca� calcium oxalate
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Chemical Background for the Modelling of Reactions in Aqueous Systems

Figure III��
� Contour plot of the concentration of oxalate necessary to bind ��% of
�U�VI��total as complexes containing oxalate� The continuous lines� drawn whithout any
ternary complexes� show projections of the log���oxalate� levels in the upper surface of
Fig� III���� the dotted lines have been obtained including UO�CO�ox�� as the only ternary
complex�
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minerals �Whewellite Ca�ox� � H�O or Weddelite Ca�ox� � �H�O� both having solubility
constants log��Ks�� � ��� will precipitate� limiting the concentration of the oxalate to
values below 
��� M in any case�
These conclusions cannot be generalised with respect to other cation�ligand systems�

However� the importance of di
erent species may be checked by the procedures and model
calculations outlined above� This type of modelling should be made before undertaking
time�consuming and costly laboratory experiments�

III��� Some aspects of chemical kinetics

Aquatic systems in nature are rarely static� Water moves in the geological media as
a result of di
erences in hydraulic gradients� Water from di
erent sources are mixed�
and these physical processes results in very complex dynamic systems� cf� Chapters XI
and XII� The description and modelling of these systems is facilitated if the chemical
reactions taking place there are much slower� or much faster than those characterising
the physical processes� i�e�� they are for all purposes independent from one another� they
are uncoupled � A �rst stage in any attempt to model aquatic processes in nature is to
decide the extent of coupling between physical and chemical processes� This requires
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Some aspects of chemical kinetics

knowledge of the dynamics of the physical transport processes �Chapters XI and XII� and
the chemical reactions�
The previous sections in this chapter have mainly dealt with chemical issues of im�

portance for the description of chemical equilibrium systems� These provide �boundary�
conditions for a discussion�description of rate processes in such systems� This section will
deal with the rate of reactions between dissolved species in solution and a brief introduc�
tion to chemical reaction mechanisms�

III����� Reactions in homogeneous aqueous systems

In the introduction we indicated that stoichiometric equations do not give information
on how the transformation from reactants to products takes place at the molecular level�
Such information may be obtained from chemical kinetics� This is an important �eld in
chemistry and the reader must consult specialised texts in order to obtain more informa�
tion than this short introduction can provide� General introductions are given in standard
textbooks such as ���COT�WIL� ��ATK� and in more specialised texts such as ���TOB�
��WIL� ��KAT�GOR�� In general the mechanism of reaction consists of a sequence of
reactions �often called elementary reactions� each one with its particular rate�constant�
that add up to the given stoichiometry� The elementary reaction with the smallest rate of
reaction will determine the overall rate of the reaction and is called the rate�determining
step in the mechanism� Two types of elementary reactions are of particular interest�
mono�molecular and bi�molecular reactions� exempli�ed by�

mono�molecular reaction�

A� B � C � � � � 
 � �
d�A�
dt

�
d�B�
dt

� k��A�

bi�molecular reaction�

A�B � C �D � � � � 
 � �
d�A�
dt � �

d�B�
dt �

d�C�
dt � k��A��B�

The transformation of reactants to products may occur as a sequence of consecutive
elementary reactions� but also along two or more parallel pathways� In the latter case
each pathway has its own rate determining step with its own characteristic transition
state�
The rate of reaction� 
� is dependent on the concentration of the reactant�s� and the

magnitude of the temperature�dependent rate constants k� and k�� The upper limit for the
rate of reaction is determined by the maximum rate of encounters between the reactants�
In aqueous solution this is determined by their rates of di
usion� such reactions are
therefore called di	usion controlled � At room temperature the corresponding bimolecular
rate constant is � 
��� M��s��� From this value we can estimate the maximum rate of
reaction between two reactants at given concentrations and temperature�
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Chemical Background for the Modelling of Reactions in Aqueous Systems

Example 
�

Estimate the maximum rate for a bimolecular reaction between two components A and
B present at an initial concentration of 
��
 M�
We have� 
t�� � 
����
��
�
��
 � 
���M � s��� which is a very high rate of reaction�

even at trace concentrations of the reactants�

The equilibrium constant for a given chemical reaction provides a relationship between
the rate constants for the reaction� This is illustrated by the following simple example�
where the mechanism consists of only two elementary reactions �with rate constants kf
and kr�� where one is the reverse of the other�

A�B
kf
��
kr

AB� the equilibrium constant is� K � kf	kr

For mechanisms containing many elementary reactions� the corresponding relationship
between the rate constants and the equilibrium constant for the overall reaction may be
more complicated and specialised textbooks should be consulted for more details� The
gas�phase reaction between hydrogen and bromine discussed on page �
 is an example of
such a reaction�

III����� The temperature dependence of rate constants

The rate constant is strongly dependent on the temperature and often follows the Arrhe�
nius equation

ki � Bi e
�Ea	RT

where ki is the rate constant� Bi the pre�exponential factor� and Ea the activation energy�
The deduction of the reaction mechanism and its temperature is a major experimental
undertaking even in super�cially �simple� reactions� cf� p� �
� It does not seem feasible to
obtain the mechanistic details of all the reactions that might take place in a complicated
multi�component system like those encountered in most ground and surface water sys�
tems� Fortunately� this is rarely necessary when describing the speciation and transport
characteristics of solutes in these systems�

III������� Dynamics of acid�base and complex formation reactions

Chemical reactions involving acid�base equilibria are� in general� di
usion controlled�
and thus very fast even at trace concentrations of the reactants� Their characteristic
time constants are often shorter than 
��� sec� Complex formation reactions are also in
general very fast� but slower than the di
usion controlled limit� Their rates vary with
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the ligand� The bonding of a monodentate ligand is always much faster than that of
a multidentate one� One may imagine that the �wrapping� of the multidentate ligand
around the metal ion requires many steps� some of which may be slow� The rate of
reaction is also metal�ion dependent� and decreases in general with increasing charge
and decreasing ionic radius of the metal ion� Certain metal ions are characterised by
very slow reactions �Cr�III�� Co�III�� and their homologues� Pd�II� and Pt�II�� and Au�I�
and Au�III��� with characteristic time scales of hours� or days for ��% completion of the
reactions� For more details the reader should consult ���TOB� ��KAT�GOR��
Most metal ions in ground and surface water systems are present as complexes and not

as aqua ions� Hence it is necessary to consider also exchange reactions of the type

MA�NB �� MB�NA

MA�B �� MB�A

MA�N �� M�NA

where M and N are two di
erent metal ions and A and B two di
erent �multi�dentate�
ligands� Exchange reactions of this type are often slow� especially at trace concentration
levels of the reactants� This is due both to the concentration of the reactants but also
to the fact that the ligands have to be �wrapped���unwrapped� for the exchange to take
place ���MOR�HER� p����������

III������� Dynamics of electron transfer reactions

Redox processes are another important group of reactions� where those involving the
transfer of one electron in general are very fast� e�g��

Fe�� �� Fe�� � e�

while those involving the transfer of more electrons and major chemical rearrangement
between the reduced and oxidised state always are slow� This is because multi�electron
transfer only occurs one electron at the time� and therefore take place in several steps
which requires many successive encounters between electron donor and electron acceptor�
resulting in a slow overall reaction� An example of a reaction of this type is

HS� � �H�O�l� �� SO��
� � �H� � � e�

This is so slow that equilibrium between hydrogen sul�de and sulfate has never been
observed in any system below ����C�
In order to facilitate the description�modelling of a system� it is practical to identify

the chemical reactions which are so slow that they cannot attain equilibrium within the
time scale of the model� and exclude them before making an equilibrium model� Such
systems are said to be in pseudo�equilibrium�
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Chemical Background for the Modelling of Reactions in Aqueous Systems

The reader must be aware that many redox reactions in nature are kinetically controlled
and cannot be described by equilibrium models� An important exception is redox equilibria
involving Fe�II� and Fe�III�� It should be pointed out that many of these electron transfer
reactions are heterogeneous reactions taking place at the interface between the solution
and Fe�II� � Fe�III� containing minerals� cf� Hering and Stumm ���HER�STU�� White
���WHI�� Bancroft and Hyland ���BAN�HYL�� and Waite ���WAI��

III������� Catalysis and biologically mediated reactions

Catalysis is as important in ground and surface waters� as in other chemical systems� A
special type of �catalysis� is o
ered by chemical transformations mediated by the micro�
biological systems in soil and water� Microorganisms can increase the rate of reactions
which proceed �downhill� from a thermodynamic point of view� i�e�� with a decrease in
Gibbs free energy� However� they can also mediate reactions that involve an increase in
Gibbs energy by coupling this reaction to other reactions in such a way that the combined
reaction has a negative free energy change� For example� sulfate reducing bacteria can
couple the free energy released in metabolising organic material in the water to reduce
sulfate to sul�de under ambient conditions where inorganic sulfate reduction is not ther�
modynamically possible� In the same way� organic ligands in ground and surface water
systems can be formed and transformed through the mediation of microbiological pro�
cesses� These cannot be described with equilibrium models and the characteristic time
scale of these processes must be ascertained from case to case�
A discussion of the importance of microbiological processes in the aquatic sulfate �

sul�de system is given by Pedersen ���PED�KAR��

III������� Photochemical reactions

Photochemical reactions may be very important in surface water systems� particularly
for reactions in the manganese and iron cycles� For more details the readers are referred
to the recent edition of Aquatic Chemistry by Stumm and Morgan ���STU�MOR� p�����
and White ���WHI��

III����� The steady�state concept for 
ow systems

It is important to distinguish between the steady�state approximation used in chemical
kinetics and the steady�state concept used in open systems� In the steady�state approxi�
mation� the time derivatives are assumed to be zero for the reactive intermediates in the
reaction mechanism� For example� d�H�	dt � � and d�Br�	dt � � for the reaction mecha�
nism of the gas�phase reaction between hydrogen and bromine discussed on page �
�
The steady�state model in open systems� such as surface water systems� is based on

the experimental observations that the concentrations of many components are constant
over long periods of time� These systems are not equilibrium systems � there is a balance
between the rates of addition to� and removal from the system of the various components�
Examples of such systems are discussed in Stumm and Morgan ���STU�MOR��
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Some aspects of chemical kinetics

III����� Rates and mechanisms of heterogeneous equilibria

This is an important �eld for the understanding of chemical processes in aquatic systems
in nature and in many engineering applications� Corrosion of materials is one example�
dissolution� precipitation and sorption� mineral weathering and diagenesis are others�
Solubility and sorption are discussed in the Chapters by Grauer �Chapter IV� and Banwart
�Chapter VII��
A characteristic feature of many reactions in heterogeneous systems is that the rate of

reaction is proportional to the surface area in contact with the aqueous phase� This is
easy to understand� because the reactions take place at the interface between the solid
and the solution� and the number of encounters leading to reaction is then proportional
to the exposed surface and the concentration of the reactants in solution� All parts of the
exposed surface do not have the same reactivity even if the solid is a single well�de�ned
phase� Each part of the surface can be characterised by its particular density of atoms and
structure and has therefore its own reactivity� The geometrical surface can be determined
experimentally in a laboratory system� and possibly also in sediments and other porous
media� It is not possible to determine the exposed area in fractured media� like bedrock
aquifers� The �wetted� surface� and hence the �surface area� is a model parameter� which
cannot be determined a priori �
Kinetic models for the weathering of minerals have been developed by Helgeson et al�

���HEL�� and excellent introductions to the �eld are given in Kinetics of Geochemical Pro�
cesses� edited by Lasaga and Kirkpatrick ��
LAS�KIR� and in Aqueous Surface Chemistry
edited by Stumm ���STU� pp�
����
���
There is a considerable scattering among thermodynamic data for the solubility of

hydrous oxides of various types� This is partly due to variations in particle size ���SCH�
�
LAN�WHI�� but also to slow re�crystallisation processes where the freshly precipitated
hydrous oxide �ages� with time� which results in a decrease of its solubility� The �aging�
process often involves a decrease in water content of the solid phase� This process is
faster at elevated temperatures� e�g�� in hydrothermal systems� but very little quantitative
information is available about the rates of transformation at lower temperatures� The
e
ect of solid�phase aging on its solubility may be very large� and results in changes of
the solubility over several orders of magnitude with changing crystallinity� A corollary
is that hydrous oxides precipitate at much higher pH than expected from the solubility
product measured for a well crystalline solid phase� When modelling aquatic systems it is
therefore imperative to decide on the state of the solubility limiting solid phases� These
are rarely the high�temperature phases used in most laboratory investigations�
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Chapter IV

Solubility Limitations�

An �Old Timer�s� View

Rolf GRAUER y

Paul Scherrer Institut
CH����� Villigen PSI �Switzerland�

IV��� Einleitung

Ein wesentlicher Aspekt der Sicherheitsanalyse von Endlagern ist die Prognose maximal
m�oglicher Nuklidkonzentrationen im Nah� und Fernfeld� Besonderes Gewicht wird dabei
auf die L�oslichkeitslimiten der einzelnen Elemente gelegt �Kapitel XIV� Hadermann�� die
mit Hilfe eines thermodynamischen Modells vorausgesagt werden�
An der theoretischen Grundlage solcher Modelle ist nicht zu zweifeln� Das

Fundament der Gleichgewichtsthermodynamik ist fest gef�ugt� Lewis und Randall
���LEW	RAN
 geben deshalb in ihrem klassischen Lehrbuch den Ratschlag ���� to reach
this frontier �of a growing science� one must pass over well�traveled roads� of these one of
the safest is the broad highway of thermodynamics
�
Dennoch sind L�oslichkeitsberechnungen h�au�g falsch� und die Versuche zur Modell�

validierung f�uhren an nat�urlichen Analogen� oder auch schon an einfachen Becherglassit�
uationen� zu fragw�urdigen oder gar unbrauchbaren Ergebnissen� Die Gr�unde daf�ur liegen
auf verschiedenen Ebenen� sie sollen hier aufgezeigt und an ausgew�ahlten Beispielen disku�
tiert werden�
Die Problemstellung erscheint trivial� Zur Berechnung einer L�oslichkeit ben�otigt man

die folgenden Kenntnisse�

� die Zusammensetzung der l�oslichkeitsbestimmenden Festphase und ihr L�oslich�
keitsprodukt

� alle in dem System m�oglichen Komplexe des interessierenden Kations sowie seiner
Konkurrenten und ihre Stabilit�atskonstanten

���

Extract from MODELLING IN AQUATIC CHEMISTRY  
(OECD Publications, 1997, 724 pp., ISBN 92-64-15569-4) 
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� die Konzentrationen der einzelnen Liganden und der konkurrierenden Kationen�
Dies ist im wesentlichen ein analytisches Problem und wird hier nicht diskutiert�

In der Praxis treten �uberall Probleme auf� Bez�uglich der l�oslichkeitslimitierenden Fest�
phase bestehen grosse Unsicherheiten bis hin zur Unkenntnis� Die Frage nach der stabilen
Phase kann meist nur f�ur einfache Becherglassituationen beantwortet werden�
In komplexen Systemen werden sich im allgemeinen Mischphasen bilden� die

Spurenbestandteile mit aufnehmen� z�B� sind Hydroxidf�allungen aus L�osungen mit
mehreren Kationen keine reinen Verbindungen� So enthalten nat�urliche feindisperse
Goethite und H�amatite neben Aluminium auch die zweiwertigen �Ubergangsmetalle von
Mangan bis Zink ���COR
�
Es zeigt sich� dass es wegen der Bildung �metastabiler� Mischphasen kaum m�oglich

ist� die Zusammensetzung der L�osung und des Bodenk�orpers f�ur ein F�allungsexperiment
mit n Kationen und m Liganden in stark unterschiedlichen Ausgangskonzentrationen vo�
rauszusagen� Es wird vielleicht gelingen� das Verhalten der Hauptbestandteile mit einiger
Genauigkeit oder wenigstens gr�ossenordnungsm�assig zu prognostizieren� Das Verhalten
der Spurenelemente kann aber bestenfalls abgesch�atzt oder auch nur vermutet werden�
Grosse Unsicherheiten bestehen auch hinsichtlich der St�ochiometrie und der Stabilit�at

der Komplexe von wichtigen Kationen� So wird beispielsweise diskutiert� ob gemischte
Hydroxo�Carbonato�Komplexe von Uran�VI� reell sind� oder ob sie lediglich �error ab�
sorbers
 f�ur die Modellierung von Becherglasexperimenten darstellen ���KRA	BIS
� Der
Komplex U�OH��� � fr�uher bei hohen pH�Werten als wichtig erachtet� hat an Bedeutung
verloren ���BRU	CAS
� weil seine Stabilit�at o�ensichtlich �ubersch�atzt wurde� Auch der
Katalog der Phosphato�Komplexe von Uran�VI� musste k�urzlich grundlegend revidiert
werden ���SAN	BRU
� ��Metal speciation is the analytical chemist�s answer for eternal
employment
 ���BRO	GUC
��
Ein Kernproblem liegt ferner im Inhalt und in der Qualit�at der zur Modellierung ver�

wendeten Datenbasen� Mit diesem Thema befasst sich der n�achste Abschnitt�
Als letzter Punkt sei schliesslich festgehalten� dass vielen Anwendern und Compilern

thermodynamischer Datenbasen ein breites und solides Wissen in allgemeiner anorganis�
cher Chemie fehlt� Die f�uhrt zu zahlreichen� zwar mathematisch genauen� aber chemisch
unsinnigen Prognosen�
Nach dieser Aufz�ahlung mag es beinahe aussichtslos erscheinen� gesicherte Angaben

�uber L�oslichkeitslimiten zu geben �mehr dazu in den Abschnitten IV�� und IV���� Es
kann auch nicht das Ziel eines kurzen Aufsatzes sein� auf einen Schlag alle Probleme zu
l�osen� Ich m�ochte im folgenden nur zeigen� wie sich wenigstens die gr�obsten Fehler in
diesem Business vermeiden lassen� Der Schl�ussel dazu sind breite Kenntnisse in Stof�
fchemie� die fr�uheren Chemikergenerationen im Rahmen der analytischen Grundausbil�
dung vermittelt worden sind� Vieles davon �ndet sich in vergri�enen Lehrb�uchern der
qualitativen Analyse ���TRE� ��TRE� ��CHA
� im altbew�ahrten Lehrbuch von Remy
���REM
� oder im neueren Werk von Greenwood und Earnshaw ���GRE	EAR
� Allein
mit diesen pers�onlichen Werkzeugen liessen sich am Schreibtisch viele Fragen l�osen und
viele Fehler vermeiden� Kommt man auch damit nicht weiter� so ist ein Gang zur Biblio�
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thek zu empfehlen� um die Informationen in Gmelins Handbuch der anorganischen Chemie
anzuzapfen�
Ich pl�adiere f�ur eine bessere chemische Allgemeinbildung� f�ur den intensiven Ge�

brauch der chemischen Vernunft und f�ur die Priorit�aten der chemischen Evidenz vor
Gleichgewichtskonstanten dubioser Herkunft� Was im einzelnen damit gemeint ist� wird
in den n�achsten Abschnitten gezeigt�

IV��� �Uber Inhalt und Qualit�at von geochemischen Datenbasen

Eine geochemische Datenbasis enth�alt quantitative Informationen �uber die chemischen
Eigenschaften von Elementen und Verbindungen� Sie sollte in sich konsistent� d�h� wider�
spruchsfrei und auch m�oglichst vollst�andig sein� Von dieser Idealvorstellung sind wir
weit entfernt� Die Aufgabe� aus verstreuten� l�uckenhaften Informationen von teilweise
schlechter Qualit�at konsistente Daten zusammenzustellen ist alles andere als trivial� Die
Forderung nach Vollst�andigkeit bedeutet� das alle geochemisch relevanten Verbindungen
erfasst sein sollten� Auch dies ist eine Sisyphus�Arbeit� Dagegen erscheint es recht einfach�
geochemisch irrelevante Verbindungen aus solchen Datenbasen zu verbannen� Leider wird
das nicht gemacht� und deshalb enthalten Datenbasen neben vielen falschen Zahlen auch
viel unn�otigen Ballast�
Eine Menge solcher Fehler liesse sich vermeiden� Dies soll an einigen Beispielen gezeigt

werden� Die ausgew�ahlten F�alle sind exemplarisch� Keine Datenbasis ist frei von solchen
Beispielen� und man k�onnte aus dem vollen sch�opfen� Es w�are somit unfair� wenige
ausgew�ahlte Autoren hier an den Pranger zu stellen� Entgegen der �ublichen Gep�ogenheit
wird deshalb nicht jede Aussage belegt�

IV����� �The Law of Mythical Numbers� ���

Thermodynamische Datenbasen basieren in der Regel nicht auf Originalarbeiten� sondern
auf �alteren Datensammlungen� die aus fr�uheren Kompilationen zusammengestellt worden
sind� die wiederum ��� Dazu ein Beispiel�

�CARBONATES� The NEA compilation lists � values for nickel carbonate in a rather broad
range �from ������ to ���	�� kJ �mol���
 The data from Wagman et al� ���WAG
EVA�
and from Naumov et al� �	�NAU
RYZ� are the same and are in very good agreement
with the solubility product given by Smith and Martell �	�SMI
MAR�
 As Naumov et

al� �	�NAU
RYZ� also report standard heat of formation and entropy values his data has
been selected here�


Wahrhaftig eine �uberzeugende Argumentation � Der ausgew�ahlte Wert ist grob falsch
�s� Abschnitt IV������ und weil dieses Vorgehen bei der Auswahl die Regel ist� sind
falsche Werte keine Ausnahme� So enth�alt beispielsweise die Sammlung von Kotrl�y
und �S �ucha ���KOT	SUC
� die ihrerseits wieder auf den �Critical Stability Constants

���MAR	SMI� ��SMI	MAR� ��SMI	MAR� ��MAR	SMI� ��MAR	SMI� ��SMI	MAR

beruht� L�oslichkeitskonstanten f�ur die Carbonate der �Ubergangsmetalle von Mangan
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bis Zink� die bis auf einen einzigen Wert falsch sind ���GRA
� Falsch ist auch der
Wert f�ur Cadmiumcarbonat �log��Ks�� � �������� der sich seit ���� hartn�ackig fort�
gep�anzt hat� Andere Tabellen �z�B� ���WAG	EVA
� geben daf�ur einen ebenfalls falschen
Wert von log��Ks�� � ������� K�urzlich haben Stipp et al� ���STI	PAR
 den Stamm�
baum der L�oslichkeits� �Konstanten
 von Cadmiumcarbonat sorgf�altig rekonstruiert und
gezeigt� dass die heute g�angigen Tabellenwerte im wesentlichen auf einer Bestimmung
der L�osungsw�arme im Jahre ���� beruhen� Unterschiede in der Beurteilung dieser einen
Arbeit und die Verwendung unterschiedlicher Zahlen f�ur die Hilfsgr�ossen im Laufe der
Zeit f�uhren zu der angegebenen Variationsbreite von log��Ks��� Die L�oslichkeit von
Cadmiumcarbonat ist erstmals ���� experimentell bestimmt worden ���GAM	STU
�
Danach ist log��Ks�� � ����� � ����� ein Wert� der erst ���� und ���� best�atigt wurde
�s� ���STI	PAR
�� Diese Fallstudie erh�artet das Gesetz der Mythischen Zahlen ���SIN

��An expert opinion� once referenced� becomes fact despite evidence to the contrary
�
und sie ersch�uttert das Vertrauen in �kritische
 Datensammlungen�
Vielleicht lassen sich mythische Zahlen in Datenbasen nie ganz vermeiden� Zu ihrer

Verminderung gibt es aber ein sehr einfaches Rezept� Es sind die Originalarbeiten zu
sichten und mit chemischem Sachverstand zu beurteilen� Dabei ist es stets hilfreich� sich
nicht nur auf eine Verbindung zu konzentrieren� die gerade interessant erscheint� sondern
Vergleiche mit �ahnlichen Substanzen anzustellen� Mit diesem Vorgehen liessen sich die
oben erw�ahnten Fehler in ���KOT	SUC
 nicht nur erkennen� sondern auch beseitigen
���GRA
�
NebenmythischenZahlen� die �nur
 um einige Gr�ossenordnungen falsch sind� schleichen

sich in Datenbasen auch absurde Zahlen ein� Dazu zwei Beispiele�
In einer Datenbank �ndet man die Freie Bildungsenthalpie von Palladium�II��chlorid

� G� � ������ kJ �mol���� Daraus ergibt sich f�ur das L�oslichkeitsprodukt log��Ks�� �
������ Die Verbindung ist aber o�ensichtlich leicht l�oslich� Im Lehrbuch von Remy
���REM�
 ist nachzulesen� dass nicht nur das Dihydrat� sondern auch das wasserfreie� bei
Rotglut aus den Elementen synthetisierte Palladiumchlorid �in Wasser leicht l�oslich und
zer�iesslich
 ist�
Mindestens zwei Datenbasen geben f�ur Zinn�II��sulfat eine Freie Bildungsenthalpie von

������� kJ	mol an� Daraus ergibt sich log��Ks�� � ������� Man wundert sich� dass in
der klassischen Analytik diese ausserordentliche Schwerl�oslichkeit nicht ausgenutzt wird�
und dass keine Zinnsulfat�Lagerst�atten bekannt sind� Der �old timer
 weiss aus seinem
Anf�angerpraktikum� dass Zinn�II��sulfat an feuchter Luft zer�iesst� Das �greenhorn

k�onnte sich anhand der Trivalliteratur ���REM�� ��WEA
 �uber die hohe L�oslichkeit dieser
Verbindung orientieren� Im Chemie Lexikon ���ROM
 �ndet er auch den Hinweis� dass
die Verbindung u�a� zur galvanischen Verzinnung und zur elektrolytischen Einf�arbung von
anodisiertem Aluminiumverwendet wird� Diese Prozesse setzen wohl eine gute L�oslichkeit
voraus�
Der Wert  G� � ������� kJ � mol�� beruht vermutlich auf einem Druckfehler� Man

�ndet in der Literatur  G� � ������ kcal�mol�� ���GME
� Mit �ubertriebener Zahlen�
sch�arfe umgerechnet erh�alt man exakt  G� � ������� kJ � mol�� � Auch mit diesem
Wert wird allerdings die Verbindung noch nicht leichtl�oslich �log��Ks�� � � �����
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IV����� ��� and �The Handbook of Unstable� Exotic and Nonexistent Compounds�

Neben mythischen Zahlen f�ur bekannte Verbindungen enthalten Datensammlungen auch
nichtexistierende Verbindungen mit den zugeh�origen thermodynamischen Daten� Ein
klassisches Beispiel ist das Kupfer�II��carbonat� dessen L�oslichkeit seit mindestens ����
mit log��Ks�� � ���� �mit kleineren Variationen� angegeben wird� Es ist nicht klar� auf
welchen Feststo� sich diese Zahl bezieht� Erst ���� ist die Hydrothermalsynthese von
Kupfercarbonat gelungen ���EHR	JOH
� und ���� wurde seine L�oslichkeit bestimmt�
log��Ks�� � ������ ���REI	JOH
� Die mythische Zahl f�ur die imagin�are Verbindung
erscheint aber ���� wieder in einer Tabelle ���KOT	SUC
� und wird ���� in einer Mono�
graphie zitiert ���MOR	MAC
�

Zu den nichtexistierenden Verbindungen geh�ort beispielweise das Nickelsilicat
NiSiO�� Es ist ein hypothetisches Endglied der Pyroxen�Reihe� und seine thermodynamis�
chen Daten sind Sch�atzwerte ���TAR	GAR
� In einer geochemischen Datenbasis sind sie
ohne jeden Nutzen� Von geringem Nutzen sind auch Hochtemperatur�Phasen wie Spinelle
oder das Nickel�orthosilicat Ni�SiO�� F�ur diese Verbindung werden gar die Daten von zwei
polymorphen Formen angegeben �Olivin� und Spinellstruktur�� Die Spinellstruktur erh�alt
man nur bei hohen Dr�ucken� bei ����C beispielsweise bei �� kbar ���GME� p����
� Ein
L�oslichkeitsgleichgewicht bei Umgebungsbedingungen ist illusorisch�

Viele geochemische Datenbasen enthalten unn�otigen Ballast in Form von leichtl�oslichen
Salzen oder instabilen� hydrolysierbaren Verbindungen� Beispiele sind Nickelchlorid und
�sulfat sowie deren Hydrate� Selen�IV��oxid und �chlorid oder Diphosphate� Das �eissige
Sammeln von Bildungsenthalpien anstelle von L�oslichkeitskonstanten verbaut die Einsicht
in das Verhalten dieser Sto�e�

Zum Ballast geh�oren auch Verbindungen� die sich aus den Elementen� nicht aber aus
w�assriger L�osung herstellen lassen� Das Selen�IV��chlorid wurde eben erw�ahnt� Der
Katalog �ahnlicher Beispiele ist lang� als besondere Rosine in diesem Kuchen ist das Silici�
umselenid� SiSe�� zu erw�ahnen� Sammler�eiss� ungetr�ubt von chemischem Sachverstand�
f�uhrt zu derartigen Ausw�uchsen�

IV����� Der Vergleich von Datenbasen� Ein Weg zu besseren Werten �

In den heutigen geochemischen Datenbasen steckt ein immenser Arbeitsaufwand� der von
ungez�ahlten Personen im Laufe vieler Jahre erbracht worden ist� Es ist deprimierend�
dass die Ergebnisse nicht besser ausgefallen sind�

Es muss nun nochmals ein grosser Aufwand getrieben werden� um die Datenbasen von
ihren Fehlern und von ihrem Ballast zu befreien� Einfache Regeln f�ur ein erfolgreiches
Vorgehen lassen sich nicht aufstellen� es soll hier aber festgehalten werden� was nicht zum
Ziel f�uhrt� obschon die Methode zu den �well�traveled roads
 geh�ort und o�enbar von
vielen als �one of the safest broad highways
 gehalten wird �s� Abschnitt IV����

Aus den Ausf�uhrungen �uber die Genese von Datenbasen und �uber das Gesetz der
Mythischen Zahlen folgt zwingend� dass ein blosser Vergleich verschiedener Datenbasen
die Situation nicht verbessert� Dennoch wird viel Zeit in solche �Ubungen investiert
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���PEA	BER
� Der Befund � log��K � �
 ist kein Qualit�atskriterium� Er besagt nur�
dass die verglichenen Basen die gleichen Zahlen enthalten� die aber beliebig falsch� oder �
wie im Beispiel von Zinnsulfat � gar unsinnig sein k�onnen�
Eine zum �o�entlich ausgetragenen Gesellschaftsspiel entartete Variante des

Datenbasen�Vergleichs ist das �Blind Modelling
� Die Spielregeln sind einfach� An
alle Teilnehmer wird eine Wasseranalyse verteilt� und sie erhalten den Auftrag� diesem
Wasser je � �g	Liter von verschiedenen Elementen �z�B� Selen� Zinn� Uran� zuzusetzen�
Jeder Mitspieler berechnet dann mit seiner Datenbasis die Speziation� er identi�ziert
die l�oslichkeitslimitierende Festphase und gibt als Endergebnis den S�attigungsindex SI an
�SI � log���Q�K�� Q� aktuelles Ionenprodukt� K� L�oslichkeitskonstante�� In diesem Spiel
gibt es keine Sieger� Auch hier b�urgen �ubereinstimmende Ergebnisse nicht f�ur die Qualit�at
der Daten� H�au�g variieren aber die S�attigungsindices in weiten Grenzen ���ALE	DAY
�
z�B� von ���� bis !����� ���� f�ur Selen� ���� bis !���� f�ur Zinn und ����� bis !����
f�ur Uran� Solche Diskrepanzen sind peinlich� sie sollten nicht in einer geochemischen
Zeitschrift einer breiten �O�entlichkeit bekanntgemacht� sondern in einer verschwiegenen
Klausur bereinigt werden� Neben Modellierern sollten auch kompetente Chemiker daran
teilnehmen�

IV��� L�oslichkeitslimiten im Nahfeld� Das Beispiel Americium

Das Americium ist mit seinen Isotopen ��� �t��� � ��� a� und ��� �t��� � ���� a� f�ur
die Sicherheitsanalyse eines Endlagers nicht besonders wichtig� Es wurde hier vor allem
wegen seiner �ubersichtlichen Chemie aus didaktischen Gr�unden als Beispiel ausgew�ahlt�

IV����� L	oslichkeitsbestimmende Phasen �

In nat�urlichen W�assern ist je nach dem Kohlendioxid�Partialdruck das Carbonat oder das
Hydroxidcarbonat des Americiums stabil� Der Grenzwert steht noch nicht eindeutig fest�
Unsicherheiten bestehen auch �uber die Stabilit�at der gemischten Hydroxo�Carbonato�
Komplexe ���FEL	RAI
� Die berechneten Americium�L�oslichkeiten im Nahfeld ���BER�
��BRU	SEL
 sind deshalb nicht als de�nitiv zu betrachten�
Neben der Forderung nach verl�asslichen L�oslichkeitsdaten stellt sich hier die

generelle Frage� wie sich das L�oslichkeitsverhalten eines Feststo�s �andert� wenn seine
Kationen zerfallen� Die Tochterkerne unterscheiden sich chemisch von der Mut�
ter� so dass St�ochiometrie und Struktur der Ausgangssubstanz nicht erhalten bleiben�
��Ubung� Berechne die L�oslichkeit von ���Am�OH�CO� in einem gegebenen Wasser nach
��� und ��� Jahren��
Der ��Zerfall wirkt sich besonders gravierend auf die Feststo�eigenschaften aus� Die

��Teilchen verlieren ihre Energie vorwiegend durch Ionisationsprozesse in einem Bereich
bis etwa �� �m� sie k�onnen deshalb aus einer mikrokristallinen Substanz austreten� ohne
grossen Schaden anzurichten� Dagegen wird die Energie der R�uckstosskerne �� ��� MeV�

� Die Herausgeber m�ochten darauf hinweisen� da� der hier vorliegende Text vor der Ver�o�entlichung der
kritischen �Ubersicht der NEA �uber die Thermodynamik des Americium ���SIL�BID� verfa�t wurde	
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im Nahbereich ��� nm� durch Stossprozesse abgegeben� Dabei ereignen sich etwa ����
Atomverschiebungen pro Zerfall� die in kristallinen Sto�en Gittersch�aden verursachen
���ROY
� F�ur eine Reihe von Verbindungen ist gezeigt worden� dass sie nach einer ��
Dosis von etwa ���� Zerf�allen pro cm� amorph werden� Die amorphe Phase hat eine
h�ohere L�oslichkeit als das kristalline Ausgangsprodukt�

Elektronenmikroskopische Untersuchungen an ���Am�OH�� haben gezeigt� dass die
Kristalle beimAufbewahren in L�osung nach sechs Monaten vollst�andig fragmentiert waren
���HAI	LLO
� In dieser Zeit sind weniger als ���" des Americiums zerfallen � Struk�
tursch�aden durch den ��Zerfall wirken sich also viel fr�uher aus als die Transmutation�

IV����� Die Rolle der Lanthaniden

In den Abfalloxiden der aufgearbeiteten Brennelemente liegt der Massenanteil von Ameri�
ciumoxid in der Gr�ossenordnung von �"� Daneben sind aber bedeutend gr�ossere Mengen
von Lanthanid�Oxiden vorhanden� die zum gr�ossten Teil inaktiv sind ���ROY� ��HER
�
Das Sto�mengenverh�altnis Ln	Am betr�agt etwa ���

Es geh�ort zum etablierten Lehrbuchwissen� dass sich das Americium chemisch� auf�
grund der Ionenradienverh�altnisse vor allem auch kristallchemisch� sehr �ahnlich verh�alt
wie die dreiwertigen Lanthaniden� Wenn sich in einem Endlager geordnete Verbindun�
gen bilden k�onnen� so werden dies �Ln� Am��Mischphasen sein� Dieser Aspekt bleibt bei
L�oslichkeitsberechnungen h�au�g unber�ucksichtigt� was mitunter zu erstaunlichen Ergeb�
nissen f�uhrt� F�ur ein bestimmtes Modellwasser wurde f�ur Samarium eine L�oslichkeit
von � � ���� M berechnet� und als limitierende Phase wird Sm��CO��� angegeben
���BRU	SEL
� Die f�ur das gleiche Wasser berechnete Americium�L�oslichkeit betr�agt
� � ���� M mit AmCO�OH als stabiler Festphase� Der Widerspruch zwischen diesen
beiden Angaben ist o�ensichtlich� er h�atte bei einer Qualit�atskontrolle erkannt werden
m�ussen� �

Ber�ucksichtigt man das hohe Ln	Am�Verh�altnis im Abfall� so erscheint es naheliegend�
sich in erster Linie um die Stabilit�at der Festphasen im System Ln�III��H�O�CO� zu
k�ummern� Es ist unsinnig� sich allein auf Samarium zu konzentrieren� weil es zuf�allig ein
radioaktives Isotop enth�alt� und daneben die hohen Anteile an inaktivem Cer� Praseodym
und Neodym zu �ubersehen� Solange f�ur diese Elemente keine zuverl�assigen und koh�arenten
L�oslichkeitsdaten vorliegen� kann auch kein verl�asslicher Wert f�ur die L�oslichkeit von
Americium angegeben werden� Neuere Arbeiten �uber die L�oslichkeit von Neodym in
Hydrogencarbonatl�osungen ���CAR� ��MEI	TAK
 stimmen zuversichtlich�

� Anmerkung der Herausgeber
 Aufgrund der tragischen Umst�ande war es nicht m�oglich� den Autor
zu ersuchen� diese harte Aussage nochmals zu �uberdenken	 Bruno und Sellin ���BRU�SEL� haben
die Analogie zwischen Am und Sm sowie auch die Diskrepanz zwischen den beiden errechneten
L�oslichkeiten diskutiert	 Das leichter l�osliche� aber gut bekannte� Sm��CO�
� wurde von Bruno und
Sellin anstelle von SmCO�OH gew�ahlt	 F�ur letzeres waren die Zahlenwerte zur damaligen Zeit nicht
erh�altlich	 Die h�ohere L�oslichkeit des Sm war eher das Ergebnis einer absichtlichen �konservativen�
Entscheidung� als das einer fehlenden Qualit�atskontrolle	 Der an dieser Thematik interessierte Leser
sei auch auf die Referenz ���MER�FUG� hingewiesen	
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IV����� Verglaste Abf	alle

Es ist fraglich� ob sich in einemEndlager mit verglastemAbfall de�nierte �Ln� Am��Phasen
bilden� Die Borosilicatgl�aser enthalten etwa ��" Abfall�Calcinat� und als Hauptbe�
standteile rund ��" SiO� und ��" B�O�� Bei der Hydrolyse solcher Gl�aser entstehen
silicatreiche� amorphe Umwandlungsprodukte� Zwar bestehen keine Zweifel� dass die
L�oslichkeit von Schwermetallen des Abfalls durch die Einlagerung in Sekund�arphasen
begrenzt wird� Dies ist insbesondere auch f�ur Lanthan gezeigt worden ���SAV	ROB�
��PET	DRA� ��DAU	CRO
�
L�oslichkeitsberechnungen sind aber nicht m�oglich� Die Ho�nung� es w�urden sich im

Laufe der Zeit de�nierte kristalline Phasen bilden� ist der Strohhalm� an dem sich die
Modellierer festhalten� In der Natur �nden sich aber gen�ugend Beispiele daf�ur� dass
metastabile Phasen geologische Zeitr�aume �uberdauern�

IV���
� L	oslichkeitslimiten im Nahfeld� welche Festphasen �

Beim verglasten Abfall werden die Actiniden und Spaltprodukte durch die Glaskor�
rosionsprodukte stark verd�unnt� Die Berechnung von L�oslichkeiten mit einfachen
Verbindungen ist f�ur diese Situation somit unrealistisch�
In einem Endlager f�ur abgebrannten Brennsto� sind Spaltprodukte und Transurane

durch das Uran noch st�arker verd�unnt als im Glas� und die Bildung eigenst�andiger Gle�
ichgewichtsphasen ist ebenfalls unwahrscheinlich� Dieser Schluss ist nicht neu� Grenthe
���GRE
 schreibt dazu� �It is not likely that actinides �with the exception of U� and
�ssion products will form separate mineral phases� they will rather be incorporated into
minerals formed as a result of chemical interactions along the �ow�path of the ground�
water� The information on these phases is scarce or non�existing� on the other hand the
formation of these secondary minerals from the ions transported from the repository is
most probably controlled by kinetic factors
� Und an anderer Stelle ���GRE	FUG
� �The
thermodynamic data of pure uranium minerals may be of limited value for geochemical
modelling� because most of these are unlikely to form from the uranium released from
nuclear waste repositories� Leached uranium is more likely to be found in association
with iron�III��oxide hydrates� a common secondary phase in water carrying fractures
�

IV��� L�oslichkeitslimiten im Fernfeld� Das Beispiel Nickel

Im Fernfeld liegen die Radionuklide aus dem Endlager in hoher Verd�unnung vor� Sie wer�
den auf ihremWeg an Mineralober��achen adsorbiert und m�oglicherweise auch in die Wirt�
sphase eingebaut� Sie begegnen einer grossen Anzahl nat�urlicher Spurenelemente mit z�T�
�ahnlichem chemischemVerhalten� und es ist deshalb unwahrscheinlich� dass Elemente aus
demAbfall imFernfeld eigenst�andige de�nierte Festphasen bilden� Dazu m�ussten kritische
Keimbildungskonzentrationen �uberschritten werden� und das anschliessende Kristallwach�
stum m�usste ohne Interferenz durch die zahlreichen L�osungsgenossen erfolgen� Dennoch
wird immer wieder versucht� die L�oslichkeit kritischer Nuklide in einer solchen komplexen
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Umgebung mit einem sehr einfachen Modell zu berechnen�

Das Nickel ist hier als Beispiel gew�ahlt worden� weil einerseits das Nuklid ��Ni mit einer
Halbwertszeit von ���� ��� Jahren von Interesse ist� Es gelangt als Aktivierungsprodukt
von ��Ni aus Strukturkomponenten in den Abfall� Anderseits ist das Nickel kein exotis�
ches Element� Es kommt in Spurenkonzentration �uberall vor� und seine Geochemie ist
eingehend untersucht worden ���GME� ��WED
�

IV�
��� Die Modellierung der Nickel�L	oslichkeit

Im Rahmen der umfangreichen Po#cos�de�Caldas�Analogstudie ���CHA	MCK
 wurden f�ur
verschiedene W�asser die L�oslichkeiten von neun Spurenelementen berechnet und mit den
Analysenwerten verglichen ���BRU	CRO
� In einem bestimmtenWasser wurde eine Nick�
elkonzentration von � � ���� M ermittelt� Dieser Wert liegt im Bereich der typischen
Konzentrationen in nat�urlichen W�assern �� ���� M ���WED
��

Die L�oslichkeitsberechnung durch vier Arbeitsgruppen ergab die folgenden Resultate
���BRU	CRO
�

Gruppe �Ni�II�� Festphase

A ���� ����� NiFe�O�

B ���� ���� Ni�OH��
C ���� ���� NiO
D ��	� ���� Ni�OH��

Die Ergebnisse der Modellrechnungen �uberstreichen zw�olf Gr�ossenordnungen und we�
ichen drastisch von der Realit�at ab� Der Grund liegt in der Auswahl von unrealistischen
l�oslichkeitslimitierenden Festphasen�

Der Trevorit NiFe�O� geh�ort zu den Spinellen� Er ist eine typische Hochtempe�
raturphase und kein Verwitterungsprodukt� Es ist deshalb ein vermeidbarer Kunstfehler�
den Nickelgehalt eines Grundwasser mit dieser Festphase zu modellieren�

Das Nickeloxid kommt als seltenes Mineral in der Natur vor �Bunsenit�� Er l�asst sich
aber unter Umgebungsbedingungen nicht aus w�assriger L�osung f�allen� In Hydrothermal�
experimenten geht das Hydroxid erst bei ����C in das Oxid �uber� und Nickeloxid� das
sich als Korrosionsprodukt in NaOH�Schmelzen gebildet hat� hydrolysiert mit Wasser zum
Hydroxid ���OSW	ASP
� NiO geh�ort deshalb zu den unrealistischen Verbindungen�

Nickelhydroxid scheint in der Natur nicht vorzukommen� Es entsteht bei der Hy�
droxidf�allung in Form sehr d�unner� kleiner Pl�attchen mit einem Durchmesser von etwa
��� nm� Gut kristalline Produkte entstehen erst unter hydrothermalen Bedingungen�
Dementsprechend schwanken die L�oslichkeitsangaben von log��Ks�� � ����� f�ur frische
F�allungen bis logKs�� � ����� f�ur gealterte Produkte�
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Das Nickelhydroxid ist in hydrogencarbonathaltigen W�assern instabil� Es reagiert
bereits an der Luft �log�� pCO�

� ����� zu einem nicht n�aher charakterisierten Hy�
droxidcarbonat ���OSW	ASP
� und bei Nickelf�allungen mit Hydrogencarbonat entste�
hen Hydroxidcarbonate ���GME� p����
� Diese Substanzklasse ist variantenreich� und
L�oslichkeitsdaten scheinen nicht vorzuliegen� Einige Vertreter kommen in der Natur vor�
so der Nullaganit �Ni��OH��CO�� und der Zaritit �Ni��OH��CO� ��H�O�� Der Otwayit ist
ein gemischtes �Ni� Mg��Hydroxidcarbonat�

Das wasserfreie Nickelcarbonat �ndet sich in der Natur in einer verunreinigten
Variante �Gaspeit� �Ni� Mg� Fe�CO� ���STR	ZIM
�� In reiner Form l�asst es sich
nur hydrothermal herstellen ���GME� p����� ��REI
� es ist deshalb geochemisch ir�
relevant� und es st�ort nicht� dass die g�angigen L�oslichkeitsprodukte �log��Ks�� �
����� ���KOT	SUC
� grob falsch sind� Sie beziehen sich auf das Hexahydrat� und
nicht auf die wasserfreie Verbindung� �Ein realistischer Sch�atzwert f�ur NiCO� ist
log��Ks�� � ����� � ���� er ist konsistent mit den L�oslichkeiten in der Reihe MnCO�

� ZnCO� ���GRA� ��REI
��

Die Modellierung der Nickell�oslichkeit ist also� wie sich mit wenig Aufwand zeigen liess�
mit unrealistischen Festphasen durchgef�uhrt worden� Die viel zu hohen Konzentrationen
der Modellrechnung mit NiO und Ni�OH�� d�urfen nicht dahingehend interpretiert werden�
dass das Model zu �konservativen
 Aussagen f�uhrt� Das Modell hat versagt � Die Frage
ist jetzt nur� ob man es besser machen kann�

IV�
��� Zur Geochemie des Nickels

Der mittlere Nickelgehalt der Erdkruste betr�agt etwa ��� ppm� In den Prim�ar�
mineralien �ndet man es als Sul�deinschl�usse in Silicaten� oder anstelle von Eisen�II��
bzw� Magnesium in Silicatstrukturen ���SPO
� Bei der Verwitterung wird es in
Hydroxiden und Oxiden mitgef�allt ���WED
� in Form von nickelhaltigem Limonit�
�Fe� Ni�O�OH��nH�O� kommt es als abbauw�urdiges Erz vor ���GRE	EAR
� Wegen der
�Ahnlichkeit der Ionenradien wird Nickel auch in sekund�aren Dreischichtsilicaten anstelle
von Magnesium eingebaut �Ionenradien� Ni��� �� pm� Mg��� �� pm�� In Ausnah�
mef�allen k�onnen in Smectiten bis zu ��" der Oktaederpl�atze durch Nickel belegt sein
���DEC	COL
� Das Silicaterz Garnierit� �Ni� Mg�	Si�O���OH��� ist ebenfalls ein Verwit�
terungsprodukt�

Diese Verh�altnisse zeigen� dass die Berechnung der Nickel�L�oslichkeit in einem oxischen
System wenig aussichtsreich ist� Nat�urliche H�amatite und Goethite enthalten ja nicht
nur Nickel� sondern auch weitere Uebergangselemente ���COR
� und die Berechnung der
L�oslichkeit von Smectiten ist ein aussichtsloses Unterfangen ���GRA
�

Unter reduzierenden Bedingungen bildet Nickel wegen seines B�Charakters schwer�
l�osliche Sul�de� die aber bei kleinen Konzentrationen nicht in reiner Form anfallen werden�
Die kritische Durchsicht der Sul�dl�oslichkeiten w�are vermutlich eine dankbare Aufgabe�
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IV�
��� L	oslichkeitslimiten im Fernfeld �

Was hier am Beispiel des Nickels gezeigt worden ist� l�asst sich sinngem�ass auch auf andere
Spurenelemente in der Geosph�are �ubertragen�
Die Bem�uhungen� die Konzentration von Spurenelementen in nat�urlichen W�assern mit

Hilfe von L�oslichkeitsgleichgewichten reiner� individueller Festphasen zu erkl�aren sind
als gescheitert zu betrachten� Dar�uber d�urfen auch gelegentliche Uebereinstimmungen
zwischen Modell und Realit�at nicht hinwegt�auschen�
Von einem tauglichen Modell w�are zu erwarten� dass es die Konzentrationen einer

ganzen Reihe von Spurenelementen in einer Vielzahl von W�assern mindestens auf die
Gr�ossenordnung richtig voraussagt� Das ist o�ensichtlich nicht der Fall�
Der Hauptgrund f�ur das Versagen der L�oslichkeitsmodelle d�urfte in der Annahme

liegen� dass die Konzentration von Spurenelementen durch individuelle Festphasen fest�
gelegt wird� Die Auswahl solcher Phasen durch die Modellierer ist zudem meist
willk�urlich� und im Laufe einer Modellvalidierung� die diesen Namen verdient� w�are der
l�oslichkeitsbestimmende Feststo� zu identi�zieren und sauber nachzuweisen�
In nat�urlichen Systemen werden Spurenelemente nur in Ausnahmef�allen eigenst�andige

Phasen bilden� Sie sind entweder in Wirtsphasen in hoher Verd�unnung eingebaut� oder
an der Ober��ache von anderen Feststo�en adsorbiert� In der Praxis d�urfte die Un�
terscheidung dieser beiden F�alle nicht immer einfach sein� Zu den Ausnahmen geh�ort
m�oglicherweise das Thorium� sofern es als Oxid vorliegt� Es ist auch vermutet worden�
dass die Lanthaniden im Meerwasser als Phosphate gef�allt werden ���BYR	KIM
� Die
vorgebrachten Argumente st�utzen diese Hypothese� Der Beweis f�ur ihre Richtigkeit w�are
aber erst erbracht� wenn die postulierte Festphase nachgewiesen w�urde� Die Ansicht� dass
die Konzentration der Lanthaniden imMeerwasser� wie diejenige anderer Spurenelemente�
durch Adsorptionsprozesse reguliert wird ���LI
� ist deshalb nicht widerlegt�

IV��� Schlussbemerkungen

Die Bilanz aus den Kapiteln IV�� bis IV�� ist unerfreulich � Es hat sich gezeigt� dass
L�oslichkeitslimiten mit naiven chemischen Konzepten und mit schlechten Daten berech�
net werden� Ein Modell sollte helfen� bestimmte Ph�anomene besser zu verstehen� hier
aber bricht zwischen Berechnen und Begreifen eine tiefe Kluft auf� Mangelnde chemische
Kenntnisse der Akteure und mangelnde Selbstkritik sind die Gr�unde daf�ur�
Der Schaden� der dadurch entsteht� kann gross werden� Schliesslich steht die

Glaubw�urdigkeit der ganzen Sicherheitsanalyse auf dem Spiel� wenn Kritiker vom
fahrl�assigen Umgang mit L�oslichkeitslimiten auf die Qualit�at des Ganzen schliessen� Wir
brauchen also ein glaubhaftes Modellkonzept� und wir brauchen glaubhafte Daten�
Es muss sich die Einsicht durchsetzen� dass das Konzept der L�oslichkeitslimiten mit

einfachen Feststo�en eine grobe Ann�aherung an die Realit�at ist� Ebenso muss sich die
Einsicht durchsetzen� dass sich die Welt wegen der �intellektuellen Unsch�arferelation

���SIT
 nicht zugleich genau und verstehbar beschreiben l�asst� Eine Modellrechnung wird
keine Aussage dar�uber machen� �wie es ist
 oder �wie es sein wird
� sondern nur dar�uber�
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�wie es unter den getro�enen vereinfachenden Annahmen sein k	onnte
�
Bekanntlich lassen sich Theorien und auch Modelle nicht im strengen Sinne validieren�

sondern nur widerlegen ���POP� ��ORE	SHR
� Es ist deshalb eine Minimalanforderung�
dass ein Modell nicht im Widerspruch steht zu evidenten Befunden� Mindestens darauf
hin w�aren Modellrechnungen zu �uberpr�ufen� Dazu bieten sich in erster Linie �ubersichtliche
Becherglassituationen an� Zeigen sich hier schon krasse Widerspr�uche� so ist das Modell
eben falsch �
Der erste Schritt auf dem Weg zu glaubw�urdigen Daten ist das Ausmisten der

Datenbasen�� Es herrscht o�ensichtlich die Meinung� dass eine gute Datenbasis m�oglichst
umfangreich ist� Ein Umdenken ist unumg�anglich� Qualit�at steht vor Quantit�at� und das
Motto heisst� �Pauca� sed matura
��
Zu einer Feststo��Datenbasis geh�ort eine ausf�uhrliche Dokumentation� Dort ist zu

begr�unden� weshalb eine bestimmte Verbindung aufgenommen worden ist� Ihre geo�
chemische Relevanz� bzw� ihre Bedeutung f�ur das Endlager ist zu beurteilen� und
w�unschenswert w�aren Angeben �uber ihre Bildungsbedingungen� Aus dieser Dokumen�
tation sollte die Herkunft der Daten klar hervorgehen� und es muss ersichtlich sein� mit
welchen Methoden die Daten ermittelt wurden� Ein Hinweis wie z�B� �Wagman et al�
����
 ���WAG	EVA
 gen�ugt nicht� denn er ist kein G�utesiegel� Schliesslich w�are auch zu
begr�unden� weshalb eine bestimmte Arbeit gegen�uber anderen bevorzugt worden ist� � Zu
all dem sind fundierte chemische und geochemische Kenntnisse unerl�asslich� Kein �broad
highway
 f�uhrt daran vorbei� und auch die �well�traveled roads
 des naiven Datenbasen�
Vergleichs f�uhren nicht zum Ziel�
Die L�oslichkeitslimiten werden zu den �Pillars of Safety
 eines Endlagers gez�ahlt�

Es zeigt sich aber� dass diese S�aule nicht besonders tragf�ahig ist� Vermutlich wird
sich nur f�ur wenige Nuklide und nur f�ur das Nahfeld �uberzeugend nachweisen lassen�
dass die L�oslichkeitsbegrenzung f�ur die Nuklidfreisetzung wirksam wird� Wirksam
ist aber� auch im Fernfeld bei hohen Verd�unnungen� die Sorption am Verf�ullmaterial
und am Gestein� Obschon auch hier o�ene Fragen und Unsicherheiten bestehen�
fallen grunds�atzliche Schwierigkeiten weg� die bei L�oslichkeitsabsch�atzungen kaum
quanti�zierbar sind� man braucht sich keine Gedanken zu machen �uber kritis�
che Keimbildungs�Konzentrationen� �uber den kristallisationshemmenden Ein�uss der
Kiesels�aure� �uber komplex aufgebaute� nichtideale Mischphasen und �uber die �Anderung
des L�oslichkeitsverhaltens der Festphasen als Folge des radioaktiven Zerfalls�

� Ein Hinweis auf die griechische Mythologie dr�angt sich auf
 w�ahrend dreissig Jahren hatte sich der
Mist von dreitausend Rindern in den St�allen des Augias angeh�auft	 Herakles hat den ganzen Dreck
an einem einzigen Tag ausger�aumt	 Wohl nur dank seinen verwandtschaftlichen Beziehungen zum
Olymp konnte er diese Aufgabe so spedititv und e�zient erledigen	 Wir� weder G�otter noch Heroen�
werden uns mit den Datenbasen l�anger besch�aftigen m�ussen	 Ob dabei ein Lorbeerkranz zu gewinnen
ist � Lang ist die Liste der Ruhmestaten des Herakles� und sein Name hat deshalb die Jahrtausende
�uberdauert	 Ueberdauert hat aber auch der Name des Augias
 nur� weil er einen Augias�Stall hatte �

� Motto auf dem Siegel von C	F	 Gauss ��Wenig� das aber ausgereift�
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Es w�are deshalb sinnvoller� mehr Zeit und Arbeit in die Adsorption zu investieren als
in sophistische und unsichere L�oslichkeitsmodelle� Doch wie steht es mit der Qualit�at von
Sorptionsdaten $ Das Spiel wiederholt sich� und Herakles ist auf�s neue gefordert �

Editors comments�

Two weeks after �nishing this chapter� Rolf Grauer died of a heart attack while moun�
taineering in Berner Oberland� He intended to have his text translated into English� but
the editors decided to leave it as received� By presenting it �frisch vom Fass
 we hope that
the readers will catch not only Rolf�s profound scienti�c insights� but also his spirituality�
In the next section� the English translation is also included�
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IV��� Solubility limitations� an 	old timer
s� view

IV�� Introduction

Predicting the maximumpossible nuclide concentrations in the near and far �elds is an important aspect
in the safety assessment of �nal repositories	 Particular emphasis is placed on the various elements�
solubility limits �Chapter XIV� Hadermann
 which are predicted by means of thermodynamic model	
The theoretical basis for such models is not in doubt	 The foundations of equilibrium thermodynamics

are �rmly established	 Lewis and Randall ���LEW�RAN� therefore give the following piece of advice in
their standard textbook
 �			to reach this frontier �of a growing science
� one must pass over well�travelled
roads� of these� one of the safest is the broad highway of thermodynamics�	
Yet solubility calculations are frequently wrong� and attempts to validate models by means of natural

analogues or even simple laboratory experiments lead to questionable or even unusable results	 There are
a number of di�erent reasons why this is so� they will be pointed out and discussed by means of selected
examples in this paper	
The problem seems to be quite straightforward	 The following information is required for a solubility

calculation


� the composition of the solid phase determining solubility and its solubility product�

� all the possible complexes of the cation concerned as well as of competing cations and their stability
constants�

� the concentrations of the various ligands and competing cations� this is basically an analytical
problem and is not discussed here	

In practice� problems arise all along the line
 there are considerable uncertainties or even a complete lack
of knowledge with regard to the solid phase which determines solubility	 Answers concerning the stable
phase can usually be given only for simple laboratory experiments	
Mixed phases that take up trace elements will usually be formed in complex systems	 For example�

hydroxides precipitated from solutions with several cations are not pure compounds	 Natural� �nely
dispersed goethite and hematite contain not only aluminium but also the bivalent transition elements
ranging from manganese to zinc ���COR�	
Owing to the formation �of metastable
 mixed phases� it is scarcely possible to predict the composition

of the solution and the remaining solid in a precipitation experiment with n cations and m ligands in
quite di�erent initial concentrations	 It will perhaps be possible to predict the behaviour of the main
constituents with some accuracy or at least as an order of magnitude	 But the behaviour of the trace
elements can at best be estimated or even only guessed	
Considerable uncertainties also exist with regard to the stoichiometry and stability of the complexes of

important cations	 For instance� it is not certain whether mixed uranium �VI
 hydroxide�carbonate com�
plexes are real� or whether they are only �error absorbers� for the modelling of simple laboratory experi�
ments ���KRA�BIS�	 The signi�cance of the complex U�OH
�� which was previously considered important
at high pH values has declined ���BRU�CAS� as its stability was obviously overestimated	 Recently the
catalogue of uranium�VI
 phosphate complexes also had to be thoroughly revised ���SAN�BRU�	 ��Metal
speciation is the analytical chemist�s answer for eternal employment� ���BRO�GUC�
	
Another basic problem concerns the content and quality of the databases used for modelling� a topic

which is discussed in the next section	
The last point which should be remembered is that many users and compilers of thermodynamic

databases do not have a sound general knowledge of inorganic chemistry	 This leads to very many
predictions which are mathematically accurate but absurd in terms of chemistry	
After these comments� it may seem virtually impossible to give reliable data on solubility limits �see

Sections IV	� and IV	� for more details on this subject
	 Neither can a short article be expected to solve
every problem in one go	 In this paper� I should simply like to show how at least the worst mistakes in this
�eld can be avoided	 The answer is to have the extensive knowledge of analytical chemistry which was
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passed on to earlier generations of chemists in the course of their basic training	 Much of this knowledge
is to be found in qualitative analysis textbooks that are out of print ���TRE� ��TRE� ��CHA�� in Remy�s
standard textbook ���REM�� or in more recent work by Greenwood and Earnshaw ���GRE�EAR�	 Many
questions could be answered and many mistakes avoided simply by consulting one�s own copies of these
works	 If these are to no avail� it is advisable to visit a library and assimilate the information in Gmelin�s
textbook on inorganic chemistry	
Here I am pleading for better basic training and the intensive use of reason in chemistry� and for the

priority of chemical evidence over equilibrium constants of doubtful origin	 What is exactly meant by
this statement is discussed below	

IV�� Content and quality of geochemical databases

A geochemical database contains quantitative information on the chemical characteristics of elements and
compounds	 The data should be consistent� i�e	� non�con�icting� and also as complete as possible	 We still
have a very long way to go before achieving this ideal	 Compiling consistent data from dispersed� patchy
information which is sometimes of poor quality is not an easy task	 The completeness requirement means
that all geochemically relevant compounds should be included	 This is also a monumental operation	
On the other hand� it does seem quite easy to exclude geochemically irrelevant compounds from such
databases	 Unfortunately� this is not done� so that databases contain much unnecessary ballast in addition
to many wrong �gures	
A great many such mistakes could be avoided� as will be shown by a few examples	 The selected cases

are typical� and examples of the same kind could be found in every database	 It would be unfair to pillory
a few selected authors	 Contrary to the usual practice� we shall therefore not give the source for each
statement	

IV���� �The law of mythical numbers� ���

Thermodynamic databases are usually not based on original work but on older data collections which
have been collated from earlier compilations� which in their turn have been reproduced			 Following is an
example


�CARBONATES� The NEA compilation lists � values for nickel carbonate in a rather broad range
�from ������ to ������ kJ � mol��
	 The data from Wagman et al� ���WAG�EVA� and from
Naumov et al� ���NAU�RYZ� are the same and are in very good agreement with the solubility
product given by Smith and Martell ���SMI�MAR�	 As Naumov et al� ���NAU�RYZ� also report
standard heat of formation and entropy values his data has been selected here�	

What a convincing argument � The selected value is quite wrong �cf� Section IV	�	�
� and since this
is the usual data selection procedure� wrong values are no exception	 For example� the compilation by
Kotrly and Sucha ���KOT�SUC�� which is itself based on �Critical Stability Constants� ���MAR�SMI�
��SMI�MAR� ��SMI�MAR� ��MAR�SMI� ��MAR�SMI� ��SMI�MAR�� contains solubility constants for
the carbonates of the transition metals ranging from manganese to zinc that are all wrong with one
exception ���GRA�	 The value for cadmium carbonate �log��Ks�� � ������
� which has stubbornly
persisted since ����� is also wrong� as is the other value of log��Ks�� � ������ given in other tables �e�g	
���WAG�EVA�
	 Stipp et al	 ���STI�PAR� recently carefully reconstructed the diagram for the solubility
constants of cadmium carbonate and showed that today�s current table values are mostly based on a
heat of solution determined in the year ����	 Di�erences in the assesssment of this single work and the
use of di�erent numbers for the auxiliary constants over the years result in the spread of values given for
log��Ks��	 The solubility of cadmium carbonate was determined experimentally for the �rst time in ����
���GAM�STU�	 The result was log��Ks�� � ����� � ����� a value which was not con�rmed until ����
and ���� �cf� ���STI�PAR�
	 This case study con�rms the law of mythical numbers ���SIN� ��an expert
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opinion� once referenced� becomes fact despite evidence to the contrary�
 and undermines con�dence in
�critical� sets of data	
Perhaps mythical numbers can never be completely avoided in databases	 But there is a very simple

way of reducing their frequency� which is to examine the original work and assess it as a scientist	 In
doing so� it is always advantageous not to focus on a single compound just because it appears to be
interesting� but to make comparisons with similar substances	 If this procedure was used� the mistakes
referred to above ���KOT�SUC� would not only be spotted but eliminated ���GRA�	
In addition to mythical numbers� which are �only� slightly wrong� databases are also in�ltrated by

absurd numbers	 Two examples can be given	
One database gives the free energy of formation for palladium�II
 chloride � G� � ������ kJ �mol��
	

This gives a solubility product of log��Ks�� � �����	 But the compound is obviously easily soluble	 Ac�
cording to Remy ���REM��� not only the dihydrate but also the anhydrous palladium chloride synthesised
by red heat from the elements �are easily dissolved in water�	
At least two databases give a free energy of formation of ������� kJ � mol�� for tin�II
 sulfate	

Therefore log��Ks�� � ������	 It is surprising that this extraordinary low solubility is not exploited in
conventional analytical technique and that there are no known tin sulfate ore deposits	 The �old timer�
knows from his beginning studies that tin�II
 sulfate dissolves in damp air	 The �greenhorn� could
obtain information on the high solubility of this compound from standard literature ���REM�� ��WEA�	
The �Chemie Lexikon� ���ROM�� will also tell him that the compound is used� among other things� for
electrotinning and electrolytic tinting of anodised aluminium	 These processes obviously require good
solubility	
The value  G� � ������� kJ � mol�� is presumably due to a printing mistake	 The value

 G� � ������ kcal�mol�� is found in literature	 With too many signi�cant digits� the conversion gives
exactly  G� � ������� kJ �mol�� � However� the compound is not easily soluble either with this value
�log��Ks�� � ����
	

IV���� ��� and �The Handbook of Unstable� Exotic and Nonexistent Compounds�

In additional to mythical numbers for known compounds� databases also contain non�existent compounds
with the associated thermodynamic data	 A classic example is copper�II
 carbonate� whose solubility has
been given at least since ���� as log��Ks�� � ���� �with small variations
	 It is not clear to which
solid this number refers	 The hydrothermal synthesis of copper carbonate was not achieved until ����
���EHR�JOH�� and its solubility was determined in ����
 log��Ks�� � ������ ���REI�JOH�	 But the
mythical number for the imaginary compound again appeared in a table in ���� ���KOT�SUC�� and was
cited in a monograph in ���� ���MOR�MAC�	
The non�existent compounds include� for example� nickel silicate NiSiO� which is a hypothetical end

member of the pyroxene group	 Its thermodynamic data are estimated values ���TAR�GAR� and are of
no use whatsoever in a geochemical database	 Neither are high�temperature phases such as spinel and
nickel orthosilicate Ni�SiO� of very much use	 The data for two polymorphic forms are even given for
this compound �olivine and spinel structure
	 The spinel structure is obtained only at high pressures
 for
example at �� kbar at ����C ���GME� p�����	 A solubility equilibrium in ambient conditions is illusory	
Many geochemical databases contain unnecessary ballast in the form of easily soluble salts or unstable

hydrolyzable compounds� such as nickel chloride and sulfate as well as their hydrates� selenium�IV
 oxide
and chloride or diphosphate	 The laborious compilation of free energies of formation instead of solubility
constants obstructs the view of how these substances behave	
The ballast also includes compounds which are produced from the elements but not from an aqueous

solution	 Selenium�IV
 chloride has just been mentioned	 There are many similar examples� silicon
selenide SiSe� should be mentioned as a special currant in this cake	 Laborious compilation� untouched
by chemical expertise� leads to such excesses	
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IV���� Database comparisons� a way to better values�

Today�s geochemical databases are the outcome of a tremendous e�ort made by great numbers of people
over the years	 It is depressing to see that the results of this e�ort are so unsatisfactory	

A further great e�ort must now be made to rid the databases of their mistakes and ballast	 It is not
possible to de�ne simple rules to ensure that the operation will be a success� but what should be borne
in mind is what does not lead to the goal� although the method belongs to �the well�travelled roads� and
is obviously seen by many as �one of the safest broad highways� �cf	 Section IV	�
	

It necessarily follows from the comments on the genesis of databases and the law of mythical numbers
that the situation cannot be improved simply by comparing di�erent databases	 Yet much time is spent
on such exercises ���PEA�BER�	 The �nding � log��K � �� is no quality criterion	 It simply says that
the bases compared contain the same �gures which may be completely wrong or � as in the example of
tin sulfate � quite absurd	

One variant of the database comparison which has degenerated into a public parlour game is �blind
modelling�	 The rules of the game are simple	 A water analysis is distributed to every player and they
are instructed to add � �g�liter of various elements �e�g	� selenium� tin� uranium
 to this water	 Each
player then calculates the speciation with his database� identi�es the solid phase which limits solubility
and gives as the �nal result the saturation index SI �SI � log���Q�K
 where Q is the ion activity prod�
uct and K the solubility constant
	 There is no winner in this game	 And neither do identical results
guarantee the quality of data	 But saturation indices often vary considerably ���ALE�DAY�� e�g	� from
���� to !����� ���
 for selenium� from ���� to !���� for tin� and from ����� to !���� for uranium	 Such
discrepancies are embarrassing� they should not be broadcast to a wide public by a geochemical journal
but be discreetly ironed out	 In addition to modellers� quali�ed chemists should also take part in such
an exercise	

IV�� Solubility limits in the near �eld� the example of americium

With its isotopes ��� �t��� � ��� yr
 and ��� �t��� � ���� yr
� americium is not particularly important
for the safety assessment of a �nal storage facility	 It has been chosen here as an instructive example
mainly because of its clear chemical behaviour	

IV���� Phases determining solubility �

The carbonate or the hydroxy�carbonate of americium are the stable solid phases in natural waters
depending on the partial pressure of carbon dioxide	 The limit value has not yet been clearly �xed	
There are also uncertainties about the stability of mixed hydroxide�carbonate complexes ���FEL�RAI�	
The solubilities in the near �eld calculated for americium ���BRU�SEL� ��BER� are therefore not to be
seen as de�nitive values	

In addition to the requirement for reliable solubility data� there is the general problem of how the
solubility behaviour of a solid changes when its cations decay	 The daughter nuclei di�er chemically
from the mother so that the stoichiometry and the structure of the initial substance are not maintained	
�Exercise
 calculate the solubility of ���Am�OH
CO� in a given type of water after ��� and ��� years
	

The ��decay has a particularly serious e�ect on the characteristics of the solid	 The ��particles lose
their energy� mainly as a result of ionisation� within a range of up to roughly �� �m� they can therefore be
released from a microcrystalline substance without causing any great damage	 However� the energy from
the recoil nuclei �� �	� MeV
 is given o� in the immediate vicinity ��� nm
 due to collision processes	 The
resulting ���� atomic displacements per decay cause lattice damage in crystalline substances ���ROY�	

� The Editors want to point out that this text was written before the NEA�s critical review on americium
thermodynamics ���SIL�BID� had been published	
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It has been shown that a series of compounds become amorphous after a dose of some ���� decays per
cm�	 The amorphous phase has a higher solubility than the initial crystalline product	
Electron microscope studies on ���Am�OH
� have shown that the crystals were completely fragmented

after six months in a solution ���HAI�LLO�	 Within this period less than �	� per cent of the americium
had decayed � Structural damage caused by ��decay therefore occurs much earlier than transmutation	

IV���� The role of lanthanides

The mass fraction of americium oxide in the residual oxides of processed fuel elements is about � per
cent	 But signi�cantly greater quantities of lanthanide oxides� which are mostly inactive� are also present
���ROY� ��HER�	 The proportion of Ln to Am is about ��
�	
It is an established fact that the chemical behaviour of americium is very similar to that of trivalent

lanthanides� especially its crystal chemical behaviour owing to the similarities of ionic radii	 If ordered
compounds are formed in a �nal storage facility� they will be �Ln� Am
 mixed phases	 This factor
is frequently disregarded in solubility calculations� which leads to surprising results
 in one particular
model a solubility of � � ���� M was calculated for samarium in water� and Sm��CO�
� was given as
the limiting phase ���BRU�SEL�	 The americium solubility calculated for the same water amounts to
� � ���� M with AmCO�OH as a stable solid phase	 The contradiction between these two results is
obvious and should have been spotted in the course of a quality check	�

If the high Ln�Am ratio in the waste is taken into account� it seems obvious that the �rst step should
be to examine the stability of the solid phases in the system Ln�III
�H�O�CO�	 It is absurd to focus
entirely on the samarium because it happens to contain a radioactive isotope� and at the same time
to overlook the high proportions of inactive cerium� praseodymium and neodymium	 As long as there
are no reliable and coherent solubility data for these elements� no reliable value can be given either for
the solubility of americium	 More recent work on the solubility of neodymium in bicarbonate solutions
���CAR� ��MEI�TAK� strikes a con�dent note	

IV���� Vitri	ed waste

It is questionable whether de�ned �Ln� Am
 phases are formed from vitri�ed waste	 Borosilicate glass
contains about �� per cent residual calcinate and approximately �� per cent SiO� and �� per cent B�O�

as its main constituents	 The hydrolysis of such glass results in the formation of amorphous alteration
products with a high silicate content	 There is no doubt that the solubility of heavy metals in the waste
is limited by the formation of secondary phases	 This has also been demonstrated particularly in the case
of lanthanum ���SAV�ROB� ��PET�DRA� ��DAU�CRO�	 But it is not possible to calculate solubilities	
The hope that de�ned crystalline phases will be formed in the course of time is the straw at which mod�
ellers clutch	 But nature provides su�cient examples to show that metastable phases outlive geological
eras	

IV���
 Solubility limits in the near 	eld� which solid phases�

The concentration of actinides and �ssion products in vitri�ed waste is greatly reduced by the presence
of glass corrosion products	 Solubility calculations with simple compounds are therefore unrealistic in

� Note by the Editors
 due to the tragic circumstances it is not possible to ask the author to recon�
sider this harsh sentence	 Bruno and Sellin ���BRU�SEL� discussed the analogy between Am and
Sm� as well as the discrepancy between the two calculated solubilities	 The more soluble� but well
known� Sm��CO�
� was selected by Bruno and Sellin instead of SmCO�OH� for which quantitative
information was not available at that time	 The higher Sm�solubility was the result of a deliberate
�conservative� decision� rather than a lacking �quality check�	 The reader interested in this subject
should also be aware of Ref	 ���MER�FUG�	
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such a case	
In a �nal repository for spent fuel� �ssion and transuranium products are diluted even more by the

presence of uranium than in the glass form� and the formation of independent equilibrium phases is
also improbable	 This conclusion is not a new �nding	 As Grenthe says ���GRE�
 �It is not likely that
actinides �with the exception of U
 and �ssion products will form separate mineral phases� they will
rather be incorporated into minerals formed as a result of chemical interactions along the �owpath of the
groundwater	 The information on these phases is scarce or non�existing� on the other hand the formation
of these secondary minerals from the ions transported from the repository is most probably controlled by
kinetic factors�	 According to another source ���GRE�FUG�� �The thermodynamic data of pure uranium
minerals may be of limited value for geochemical modelling� because most of these are unlikely to form
from the uranium released from nuclear waste repositories	 Leached uranium is more likely to be found
in association with iron�III
�oxide hydrates� a common secondary phase in water�carrying fractures�	

IV�� Solubility limits in the far �eld� the example of nickel

In the far �eld� the radionuclides released from the repository will be present in low concentrations	 In
the course of their migration� they will be adsorbed on to mineral surfaces and also possibly incorporated
into host phases	 They encounter a large number of natural trace elements which to some extent behave
chemically in a similar way� and it is therefore unlikely that in the far �eld� elements from the waste
will form pure de�ned solid phases	 For this to happen� critical nucleation concentrations would have
to be exceeded� and the ensuing crystal growth would have to take place without interference from the
numerous solution associates	 Nevertheless� attempts are made time after time to calculate the solubility
of critical nuclides in such a complex environment using a very simple model	
Nickel has been selected as an example here �rstly because the nuclide ��Ni with a half�life of �������

years is of interest	 It enters the waste as an activation product of ��Ni from the structural components	
Secondly� nickel is not an exotic element as it is found everywhere in trace concentrations and its geo�
chemistry has been thoroughly studied ���GME� ��WED�	

IV�
�� Modelling of nickel solubility

In the comprehensive Po"cos de Caldas analogue study ���CHA�MCK�� the solubilities of nine trace ele�
ments were calculated for various types of water and compared with the analytical values ���BRU�CRO�	
A nickel concentration of ������ M was obtained in one particular type of water	 This value lies within
the range of typical concentrations in natural waters �� ���� M ���WED�
	

The solubilities calculated by four working groups were as follows ���BRU�CRO�


Group �Ni�II�� Solid phase

A ���� ����� NiFe�O�

B ���� ���� Ni�OH��
C ���� ���� NiO
D ��	� ���� Ni�OH��

The model computation results cover �� orders of magnitude and deviate extremely from reality	 The
explanation for this is the choice of unrealistic solubility�limiting solid phases	
Trevorite� NiFe�O�� belongs to the spinel family	 It forms under high temperature conditions and

it is not a weathering product	 Therefore� it is avoidable malpractice to model the nickel content of
groundwater with this solid phase	
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Nickel oxide occurs naturally as a rare mineral �bunsenite
	 But it cannot be precipitated under ambient
conditions from an aqueous solution	 In hydrothermal experiments� nickel hydroxide is transformed into
oxide only at ����C� and nickel oxide� which forms as a corrosion product in NaOH solutions� hydrolizes
with water into hydroxide ���OSW�ASP�	 NiO therefore forms part of the unrealistic compounds	

Nickel hydroxide does not seem to occur naturally	 By hydroxide precipitation� it takes the form of
very thin� small platelets with dimensions of about ��� nm	 Good crystalline products develop only
under hydrothermal conditions	 Accordingly� the solubility data range from log��Ks�� � ����� for fresh
precipitations to log��Ks�� � ����� for products that have aged	

Nickel hydroxide is unstable in waters containing bicarbonate	 It already reacts in air �log�� pCO�
�

����
 to form a non�speci�ed hydroxy�carbonate ���OSW�ASP�	 Also hydroxy�carbonates are formed
when nickel is precipitated with bicarbonate ���GME� p�����	 This class of substance has a great many
variants� and solubility data do not appear to be available	 A few specimens occur naturally� such as
nullaganite �Ni��OH
�CO�
 and zaritite �Ni��OH
�CO� � �H�O
	 Otwayite is a mixed �Ni� Mg
�hydroxy�
carbonate	

Anhydrous nickel carbonate occurs naturally in an impure form �gaspeite
 �Ni� Mg� Fe
CO�

���STR�ZIM�
	 Its pure form can be produced only hydrothermally ���GME� p����� ��REI�	 It is there�
fore geochemically irrelevant and it does not matter if the current solubility products �log��Ks�� � �����
���KOT�SUC�
 are completely wrong
 they refer to the hexahydrate and not to the anhydrous compound	
�A realistic estimated value for NiCO� is log��Ks�� � ������ ���� it is consistent with solubilities in the
series MnCO� � ZnCO� ���REI� ��GRA�
	

As has been shown at little cost� nickel solubility has therefore been modelled with unrealistic solid
phases	 The excessively high concentrations obtained by the model computation with NiO and Ni�OH
�
must not be taken to mean that the model leads to �conservative� data
 the model has gone wrong	 Now
the only question is whether it can be improved	

IV�
�� The geochemistry of nickel

The average nickel content of the earth�s crust is about ��� ppm	 In primary minerals it is found as sul�de
inclusions in silicates� or it replaces iron�II
 or magnesium in silicate structures ���SPO�	 As weathering
occurs� it is precipitated in hydroxides and oxides ���WED�� in the form of nickel�bearing limonite �Fe�
Ni
O�OH
�nH�O
� it occurs as an economically valuable ore ���GRE�EAR�	 Owing to the similarity of
the ionic radii� nickel is also incorporated instead of magnesium in secondary three�layer silicates �ionic
radii
 Ni�	
 �� pm� Mg�	
 �� pm
	 In exceptional cases� smectites may have ocuppied with nickel up to
�� per cent of the octahedron sites ���DEC�COL�	 The silicate ore garnierite� �Ni�Mg
�Si�O���OH
�� is
also a weathering product	

These conditions show that there is little hope of calculating nickel solubility in an oxide system	 Nat�
ural hematite and goethite also contain other transition metals ���COR� as well as nickel� and calculating
the solubility of smectites is a hopeless task ���GRA�	

Under reducing conditions� the b character of nickel results in the formation of low�solubility sul�des	
Due to the low nickel concentration� these solids will not be obtained in a pure form	 A critical exami�
nation of sul�de solubilities would probably be a worthwhile exercise	

IV�
�� Solubility limits in the far 	eld�

What has been demonstrated with the example of nickel can also be logically transposed to other trace
elements in the geosphere	

The e�orts to explain the concentration of trace elements in natural waters by means of the solubility
equilibria of pure� individual solid phases must be seen as a failure	 Occasional agreements between
models and reality should not obscure the fact	

A useful model would be expected to predict correctly at least an order of magnitude for the concen�
trations of a whole series of trace elements in many kinds of water	 This is obviously not the case	
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Probably the main reason for the failure of solubility models is the assumption that trace element
concentrations are determined by pure individual solid phases	 In addition� the choice of such phases by
the modeller is mostly arbitrary� and in the course of any model validation worthy of the name� the solid
which determines solubility would have to be properly identi�ed and properly checked out	
In natural systems trace elements will form pure single phases only in exceptional cases	 They are

either incorporated in a highly diluted form in host phases or adsorbed on the surfaces of other solids	
In practice� it will probably not always be easy to di�erentiate between these two cases	 The exceptions
possibly include thorium� as long as it is present as oxide	 It is also supposed that lanthanides are
precipitated in seawater as phosphates ���BYR�KIM�	 The arguments presented support this hypothesis	
However� this cannot be proved correct until the presence of the hypothetical solid phase is demonstrated	
The view that the concentration of lanthanides in seawater is regulated by adsorption processes as in the
case of other trace elements ���LI� is therefore not disproved	

IV�� Concluding remarks

The �ndings in Sections IV	� to IV	� are disappointing	 It has transpired that naive scienti�c approaches
and poor data are used to calculate solubility limits	 A model should make it easier to understand certain
phenomena� but here the gap between calculation and understanding is wide	 The reasons for this are
that modellers do not know enough about chemistry and are not self�critical enough	
The resulting damage may be serious	 Finally� the credibility of the safety assessment as a whole is

at stake when critics of the negligent treatment of solubility limits draw conclusions about the quality of
the entire system	 We therefore need a credible modelling scheme and we need credible data	
It must be realised that the use of solubility limits based on pure solid phases is a rough approximation

to reality	 It must also be realised that� because of the �intellectual uncertainty principle� ���SIT�� the
world cannot be described in both exact and understandable terms	 A model computation cannot say
�how things are� or �how things will be�� but only �how things could be subject to given simplifying
assumptions	�
As everybody knows� theories and models cannot be validated in the strict sense but only refuted

���POP� ��ORE�SHR�	 It is therefore a minimum requirement that a model should not con�ict with
facts that are obvious	 Accordingly� the least that can be done is to check out model calculations� �rstly
by means of simple laboratory experiments	 If they already reveal serious con�icts� the model is just
wrong �
The �rst step towards credible data is to clear out the databases
	 Apparently the prevailing opinion

is that to be good� a database should be all�embracing	 A change in thinking is imperative	 Quality
should come before quantity� and the motto should be
 �Pauca� sed matura��	
A database of solids requires detailed documentation stating the grounds for including any particular

compound	 The geochemical relevance of this information and its signi�cance for the �nal repository
must be judged� and details on its formation should be provided	 The data source and the methods used
to determine the data should be clearly stated in the documentation	 A reference such as� for example�
�Wagman it et al	 ����� ���WAG�EVA� is not su�cient� for it is no quality guarantee	 Finally� the reasons
for preferring one particular work to another should also be stated	 Sound knowledge of chemistry and
geochemistry is essential for all this	 No �broad highway� shows the way ahead� and the �well�travelled
roads� of simple database comparisons are not the answer either	


 A reference to Greek mythology is called for
 for �� years the dung from ���� cattle had piled up in
the Augean stables	 Hercules cleared it all out in a single day	 It was only because of his family ties
with Olympus that he was able to perform this task so quickly and e�ciently	 We who are neither
gods nor heroes will have to busy ourselves for a much longer time with databases	 Will there be a
laurel wreath at the end of our labours � The list of Hercules� glorious deeds is long� and his name
has therefore been remembered for thousands of years	 The name of Augeas has also survived� but
only because of his stables �

� Motto on the seal of C	F	 Gauss ��Few in number but sound�
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Solubility limits are one of the �pillars of safety� in a �nal repository	 But it transpires that this pillar is
not particularly stable	 It is probably only in the case of a few radionuclides and in the near �eld� that we
can convincingly demonstrate the e�ectiveness of de�ning solubilities for radionuclide release	 However�
the sorption on back�ll and on rock is also a relevant process in the far �eld where concentrations of
radionuclides will be very low	 Although there are still uncertainties in this area� basic di�culties that
are hardly quanti�able in solubility estimates are cleared up
 there is no need to worry about critical
nucleation concentrations� the crystallisation�inhibiting in�uence of silicic acid� complex� non�ideal mixed
phases� and the change in the solubility behaviour of solid phases as a result of radioactive decay	
It would therefore make more sense to devote more time and e�ort to adsorption than to sophistic

and unreliable solubility models	 But what is the position with regard to sorption data � So here we go
again� and Hercules is faced with a new challenge �
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Chapter V

Binding Models for Humic

Substances

Wolfgang HUMMEL
Waste Management Laboratory
Paul Scherrer Institut
CH����� Villigen PSI �Switzerland�

V��� Introduction

Humic substances are the largest fraction of natural organic matter in water� They are
important for water quality� for chemical weathering in natural environments� and as
complexing agents for trace metals� The latter property requires that humic substances
are included in thermodynamic modelling of aqueous systems� However� in general ther�
modynamic databases� do not contain equilibrium constants for complexation of metal
ions with humic substances� Any attempt to remedy this omission inevitably pulls the
modeller into a veritable jungle of humic binding models� published in a plethora of jour�
nal articles� Obviously there must be some di�erences between metal ion binding by
�ordinary� or �simple� ligands like carbonate or acetate� which is described in terms of
�classical� equilibrium thermodynamics� and binding of metal ions by humic substances�

This chapter is intended to guide the modeller through the multitude of humic binding
models by emphasising the di�erences between complexation models of simple organic
ligands and binding models of humic substances� The modeller should understand ���
why� from a thermodynamic point of view� humic substances cannot be treated the same
way as simple organic or inorganic complex forming ligands	 �
� why and for what purpose
the various binding models were developed	 and ��� what problem solving strategy could
be followed in a particular modelling problem� As all current humic binding models
are just �tting models� consistent treatment of experimental data is emphasised as a
prerequisite to deriving a reliable set of model parameters tailored to the problem at

�
�
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Binding Models for Humic Substances

hand�
The general discussion of humic binding models will be useful in modelling metal�

humic interactions in any aquatic system� The example discussed in detail throughout
this chapter is taken from ongoing work in the assessment of radionuclide behaviour in
the environment� Likewise� the problem solving strategy proposed in the last part of
this chapter focuses on this topic� although it is not at all limited to radioactive waste
problems�

V��� What are humic substances �

Humic substances occur in rotting vegetable matter and can be detected in the black
slime of an ordinary compost pit in a home garden� They are found in the brown organic
matter of a variety of soils� as well as in peat� lignite and brown coals� The concentration
of humic substances in natural waters varies over three orders of magnitude ��
THU��
Ground waters and marine waters are lowest in concentration with ���� to ��� mg�l of
humic substances expressed as dissolved organic carbon �DOC�� Streams� rivers� and lakes
vary from ��
 to ��� mg�l� Tea�colored waters� such as marshes� bogs� and swamps vary
from �� to �� mg�l DOC as humic substances� As a group humic substances account
for approximately �� to 
� percent of the DOC of most natural waters� except in colored
waters� where they contribute 
� to �� percent of the DOC�

What is the chemical composition of these �humic substances�� This is a di�cult
question� Humic substances are the product of decomposition chemistry� not the ordered
chemistry of biological products� Thus� no chemical labeled �humic substances� exists�
and there are no simple methods of analysis for humic substances� The �rst problem is
to de�ne� in some limited yet useful way� what humic substances are� Humic substances
may be de�ned operationally ��
THU�� They are colored� polyelectrolytic� organic acids
isolated from water on XAD resins�� weak�base ion�exchange resins� or a comparable
procedure� Alternatively� they are extracted from soil by sodium hydroxide �typically
��� M�� In both cases a further fractionation divides humic substances into two classes�
which are humic and fulvic acid� Humic acid is the fraction that precipitates at pH 
��
or less� the fraction remaining in solution is fulvic acid� Other classi�cation schemes
emphasise the origin of humic substances �soil� aquatic� sediment� etc�� rather than pure
operational classi�cations� For an in�depth discussion of this topic see ���BUF��

The knowledge concerning the structure of humic substances may be summarised ac�
cording to Thurman ��
THU� as follows� Fulvic acids have a range of molecular weight
from 
�� to 
��� g�mol� whereas humic acids are larger and often colloidal� with molecular
weight from 
��� to 
��� g�mol� and sometimes much larger� up to �������� The major

� XAD resins are nonionic methylmethacrylate polymers that adsorb organic matter from water by
hydrophobic bonding� The pH of the water is lowered to ���� and the humic substances adsorb onto
the XAD resin� Then� the humic substances are desorbed quantitatively with base and studied by
various techniques� Because approximately ��� of the dissolved organic carbon of a natural water are
organic acids that are not retained by XAD resins at pH ���� they have been called the �hydrophilic
acids�� Little is known about the nature of these hydrophilic acids and their study has only begun�
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functional groups include� carboxylic acids� phenolic hydroxyl� carbonyl� and aliphatic
hydroxyl groups� On the average� fulvic acid contains 
�
 mM of carboxyl groups per
gram� This corresponds to one carboxylic acid group per � carbon atoms� or one group
per aromatic ring� if distributed evenly� If not� there may be as many as two or three
carboxylic�acid groups on some aromatic rings� and none on others� The ��C�NMR spec�
tra indicate that the aromatic to aliphatic ratio is ��
� Hence� approximately �
 percent
of the carbon is aliphatic� and many of the carboxyl and hydroxyl groups are on aliphatic
carbons� The average phenolic content in fulvic acids is ��
 mM�g based on NMR and
titration data� this is � phenolic functional group for every �� carbon atoms� or only two
phenolic groups per fulvic acid molecule� as the molecular size of less than 
��� suggests
that up to �� carbon atoms are involved in the structure with probably � to � aromatic
rings� This is not a large molecule� rather� it is a medium�sized� water�soluble acid� Hy�
droxyl and carbonyl groups� summed together� are as abundant in fulvic acid as carboxyl
groups� This information is based on ��C�NMR spectra of several samples� The amount
corresponds to 
 to � mM�g� This suggests that the fulvic acid mixture contains molecules
with either carboxyl� carbonyl� and hydroxy groups for every � carbon atoms� Fulvic acid
from water is probably a mixture of many di�erent molecules� with the average character�
istics listed above� The number of compounds that constitute the fulvic acid fraction may
be ��� ���� ���� or more compounds� and the structure of fulvic acid remains an inter�
esting unresolved question� Humic acid is less soluble than fulvic acid� On the average� it
contains fewer carboxyl groups than fulvic acid� but a somewhat larger phenolic content�
Degradation experiments do not show radically di�erent products for humic and fulvic
acid� suggesting that the cores of both humic and fulvic acid are similar� Therefore� in
the following discussion of binding models the term �humic substances� comprises both�
humic and fulvic acid�

This short summary of knowledge about the nature of humic substances foreshadows
the di�culties encountered when their binding properties with metal ions are studied
experimentally� and when the experimental results are subsequently modelled by means
of thermodynamic approaches ���BUF��

V��� Metal ion binding of humic substances

V����� The experimental data

The minimal set of experimental data needed to describe the interaction of a metal ion�
M� with a humic substance� HS� comprises �MHS�� the concentration of metal bound to a
certain humic substance� �M�� the concentration of free metal in the aqueous phase� and
�HS�total� the total concentration of humic substance� �MHS� and �M� can be quanti�ed on
the molar scale �mol�l�� but �HS�total is known only as mass per unit volume �g�l�� Note�
that � � is used in the following for molarity units and � � for mass per unit volume� One
of the two molar concentrations� �MHS� or �M�� is usually derived directly from measured
quantities� whereas the other is calculated from mass balance equations involving the total
concentration of metal in the system� �M�total� and the concentration of aqueous metal
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complexes formed� The experimental procedures to measure these quantities and the
subsequent mass balance calculations also contain some model assumptions	 but these� like
the complexation behaviour of the metal ion with ligands other than HS� can be checked
independently of the humic binding model which is used to interpret the experimental
data�

This minimal set of experimental information can be described by a constant cK� de�ned
as the number of moles of metal bound per gram of humic substance divided by the
concentration of free metal in solution�

cK �
�MHS�

�M� � �HS�total
�V���

The unit of cK therefore is volume per mass� usually given as l�g� The coe�cient cK
closely resembles the well known stability constant

K �
�ML�

�M� � �L�
�V�
�

of a metal�ligand complex formation for the reaction

M � L �� ML �V���

However� there are two fundamental di�erences between the formally similar Eqs� �V���
and �V�
��

First� in the case of simple organic ligands� like acetate� oxalate or edta� the molecular
structure of the ligand L and thus� the nature and number of functional groups S is well
known� The stereochemistry of the possible metal � ligand complexes can be deduced from
this molecular structure information� The complexes predominating within a certain ex�
perimentally investigated region of chemical parameter space �component concentrations�
pH� ionic strength� etc�� are usually determined by data �tting procedures using a number
of alternative complexation models characterised by di�erent sets of possible complexes�
In cases where there are only small di�erences between the best �ts of these alterna�
tive complexation models� additional evidence for veri�cation of the existence of certain
species like ML� ML�� MHL� M�OH�L� etc�� may be obtained from spectroscopic stud�
ies and crystal structure determinations of the metal�organic compounds� In contrast to
these well�de�ned ligands� �humic substances� serves just as a label for an operationally
de�ned class of a naturally occurring mixture of large size molecules� The molecular
structure models proposed so far for humic substances are rather dissimilar and indicate
the lack of knowledge and the complexity of the subject �see� for example� �Kleinhempel�s
model� ���KLE�� also in ���BUF� p���
� a �random molecular model� ���MUR�LIN�� a
�pseudomicellar structure model� ���ENG�WAN�� or a ��exible carbon network struc�
ture� ���SCH��� The nature and number of functional groups S involved in metal binding
by humic substances are� at best� uncertain� That is� the stereochemistry of M � HS com�
plexes is largely unknown� By analogy to small molecules� the functional groups involved
in binding a metal ion may be called a �ligand�� A ��� complex in the case of humic
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substances is de�ned as a metal ion bound to a certain �unknown� number of functional
groups within the same humic molecule�

The second di�erence between Eqs� �V��� and �V�
�� is closely related to the �rst one�
and concerns the concentration of free ligand� �L�� and the total concentration of humic
substance �HS�total� The latter provides information about experimental conditions	 the
mass of humic substance added per unit volume of solution� In order to convert this
mass number into the total molar concentration of �ligands� or binding sites available
for complexation with the metal ion� �L�total� we need to know the number of complexing
sites per unit mass of the humic substance� Analytical methods like pH � titration�
elemental analysis or radioactive labeling� measure� or at least allow an estimate� of the
total concentrations of di�erent kinds of functional groups� These total concentrations�
however� only give upper limits for the concentrations of the binding sites �L�total� The
only method to directly measure these quantities would involve the metal ion under study
as a probe� Suppose we know the stereochemistry of the MHS complex formed and
its equilibrium constant� the molar concentration of binding sites could then easily be
derived from the measurements� But the stereochemistry� i�e� the nature and number of
functional groups involved in metal binding� and their associated complexation strength
are the unknowns in this game� The total molar concentration of binding sites� �L�total�
cannot be measured independently of the model assumptions� Hence� the concentration
of free binding sites �L� is a model dependent parameter�

Summarising laboratory experiments on selected humic substances� the coe�cient cK is
found to vary with changes in component concentrations� pH� and ionic strength� These
changes are described in the various binding models of humic substances� The di�erent
concepts to describe these changes are presented in the following sections in a systematic
manner� We begin with variations in component concentrations� i�e� the concentrations of
metal ions and humic substances� at constant pH and ionic strength� Then we proceed to
pH variations and �nally we discuss the treatment of ionic strength e�ects� Humic binding
models may comprise any combination of these concepts� If we attempted to discuss
published binding models in a systematic manner� we would end up with a classi�cation
scheme consisting of such complicated classes as �discrete heterogeneous non�electrostatic
models�� for example� The intent is not to give a detailed review of all humic binding
models developed so far but merely to discuss some important aspects of published models�
in the hope of providing the reader with a pathway through the multitude of humic binding
models�

V����� Variations in component concentration

V������� The simplest model

Any useful binding model for humic substances contains a number of assumptions� but
relies ultimately on experimental data� This seems to be a rather trivial statement� but
while struggling along with the di�erent humic binding models� the reader of the literature
in the �eld may get the impression that a clear�cut distinction between measured data
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and more or less plausible model assumptions is all but impossible� In some cases model
assumptions intermingle with experimental results	 in most cases at least some of the
basic assumptions are never explicitly stated� In the hope of clearing this thicket� an
e�ort is made here to clearly state the assumptions and to discuss their plausibility and
consequences�

Table V��� List of model assumptions�

Assumption Description of assumption

fA�g The metal ion M forms only ��� complexes with ligand sites L of
the humic molecule� The humic molecule consists of a number of
functional groups S� This number is not speci	ed in the model

but is assumed to be 	xed within the pH and metal concentration
range where the model is applied�

fA�g For each metal ion M under study
 only one kind of ligand
site L predominates within the parameter range where the model
is used�

fA�g The complexing strength of the ligand sites L is constant
 and
does not vary with the location within the humic molecule

i�e� the in�uence of di�erent substituents and varying
stereochemistry on L is ignored�

fA
g Chemical changes of the humic molecules have no in�uence on the
number of active ligand sites available for metal complexation�

fA�g The functional groups S involved in metal binding do not undergo
any proton exchange reactions in the pH range of interest�

fA�g There are no interactions between functional groups S of the
humic molecule
 i�e� electrostatic e�ects that change
the binding characteristics of S are ignored�

The simplest version of a humic binding model� based on assumptions fA�g to fA�g
�Table V���� considers metal�humic interactions as a reaction between a metal ion and
a unique ligand site L to form a ��� complex� as described by Eqs� �V�
� and �V���� In
other words� the simplest humic binding model� sometimes called a �single site model��
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treats humic substance like a simple organic ligand with unknown molecular weight�
The amount of metal bound to the humic substance is then given by

�MHS� � �ML� �V���

and the total concentration of ligand sites is simply the sum of free ligand sites and metal
bound to humic substance

�L�total � �L� � �ML� �V�
�

The total concentration of humic substance� �HS�total� is related to the total concentration
of ligand sites �L�total by

�HS�total � SCC � �L�total �V���

where the Site Complexation Capacity SCC is the amount of active binding sites per unit
mass of humic substance �mol�g�� As discussed in Section V����� �L�total and thus SCC is
a model dependent adjustable parameter� According to assumption fA�g� the simplest
model described here� treats SCC as a constant� independent of the concentrations of
metal and humic substance� Combining Eqs� �V�
�� �V�
� and �V��� gives

�HS�total � SCC � �L� �� � K � �M�� �V���

Finally� combining Eqs� �V���� �V�
�� �V��� and �V��� and rearranging shows the relation
between the measured data cK and �M� and the adjustable model parameters K and SCC�

cK �
K

� �K � �M�
� SCC �V���

Experimental data plotted in a log��
cK� log���M� diagram� which extends over a su��

ciently large range of free metal concentration� will give various information� In the region
of very low metal loading the free ligand sites predominate� �L� � �ML� or K � �M� � ��
and Eq� �V��� reduces to

cK � K � SCC �V���

The model predicts that cK is constant in the range of trace metal concentrations� In
the region of high metal loading close to metal saturation� the ligand sites are to a large
extent bonded to metal ions� i�e� �ML� � �L� or K � �M� � �� and Eq� �V��� reduces to

cK �
�

�M�
� SCC �V����

Thus� in the region of high metal loading� log��
cK decreases with increasing log���M� by

slope ��� As can be seen from Eq� �V����� in the region of metal saturation cK no longer
depends on the parameter K but is determined by SCC� the site complexation capacity�
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alone� As a consequence of the model assumptions� the site complexation capacity is
de�ned as the maximum number of moles of metal ions bound per unit mass of humic
substance

SCC � �MHS�max��HS�total �V����

at metal saturation �L�total � �ML� � �MHS�max� The parameter SCC� in this model� is
therefore usually associated with terms like �total metal�binding capacity� ���BID�GRE��
�complexing capacity� ��
MOU�MOU�� or �loading capacity� ���KIM�CZE��

In theory� the parameter SCC can be adjusted in the region of metal saturation
�Eq� �V������ whereas the parameter K may be derived from data in the range of trace
metal concentrations �Eq� �V����� In practice� however� the analytical window of a given
experimental technique used to study metal�humic interactions usually does not permit
measurements over many orders of magnitude in component concentration� In the region
of high metal loading especially� metal saturation can only approximately be achieved�
due to coagulation and precipitation of humic substances and Eq� �V���� cannot be ap�
plied directly� Most studies published so far present data measured over two to three
orders of magnitude in component concentration� and the model parameters K and SCC
are obtained by �tting these data for given pH and ionic strength values�

For example� Bidoglio et al� ���BID�GRE� interpret their equilibrium titration curves
of the lanthanides Eu�III� and Tb�III� with fulvic acids in terms of this simple model�
They denote the site complexation capacity SCC as c� the total metal�binding capacity
of fulvic acid� and their conditional constant K � is identical with our parameter K� The
same type of model is used by Moulin and Moulin ��
MOU�MOU� to interpret data of
Am�III�� Cm�III�� Dy�III�� Np�V� and U�VI� complexation with humic substances� The
site complexation capacity SCC is named W� the complexing capacity� and the conditional
interaction constant � is identical with our parameter K� The approach used by Kim
and coworkers ���CZE�KIM� ��KIM�CZE� to model data of Am�III�� Cm�III�� Np�V�
and U�VI� complexation with humic acid looks somewhat di�erent at a �rst glance� A
loading capacity LC is de�ned as a dimensionless number� the maximum number of moles
of metal ions bound per moles of humic substance

LC � �MHS�max��HS�total �V��
�

where �HS�total is the total concentration of humic substance in mol�l� The conversion
from the analytical concentration of humic substance in g�l� �HS�total� to the molar con�
centration� �HS�total� is operationally de�ned as

�HS�total � �HS�total � PEC�z �V����

PEC is the proton exchange capacity in mol�g at pH �� derived from pH titration of the
humic substance� The parameter z is thought to be the number of functional groups �with
charge minus one� coordinating to a metal ion� Local charge neutralisation is assumed in
the model� i�e� z � � for trivalent ions like Am��� z � 
 for divalent ions like UO��

� � and
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z � � for monovalent ions like NpO�
� � The total concentration of ligand sites �L�total is

de�ned in terms of the loading capacity

�L�total � �HS�total � LC �V����

Combining Eqs� �V��
� and �V����� reveals that the total concentration of ligand sites
is de�ned as the maximum concentration of metal ions bound to humic substance�
�L�total � �MHS�max� in accordance with our model� Thus� the conceptual models used
in ���BID�GRE� �
MOU�MOU� ��KIM�CZE� are the same despite some di�ering def�
initions of conversion relations and adjustable parameters� The conditional interaction
constants K � or � in all these models are numerically identical if �tted to the same data
sets� Note� that � values derived by Kim and Czerwinski ���KIM�CZE� are indepen�
dent of the actual value of PEC and the number chosen for z� The assumption of local
charge neutralisation cannot be veri�ed or falsi�ed by experimental data� The �t of any
experimental data set results in the same values of � irrespective of the value chosen for
z�

The �tting parameter K should turn out to be constant over large component con�
centration ranges if the assumptions of our model are valid� Experimental investigations
at relatively high metal loading by Bidoglio et al� ���BID�GRE� and Kim and coworkers
���CZE�KIM� ��KIM�CZE� indeed result in constant parameters K over the entire range
of metal concentration� However� in the range of low metal loading� Moulin and Moulin
��
MOU�MOU� report an increase in the �tted K values with decreasing metal concen�
tration� Contrary to the claim in ���CZE�KIM� this change in K cannot be ascribed to
di�erent de�nitions of the humic substance concentration� because these di�erences have
no in�uence on the �tted K values� Our simple model therefore seems not to be an ade�
quate description of metal�humic complexation behaviour from metal saturation down to
very low metal loading� This is not surprising� we cannot expect that humic substances
behave just as a simple monofunctional organic ligand�

V������� Mixed�ligand models

In the simplest model of metal�humic binding� fA�g� we assumed that the metal ion M
only forms ��� complexes with ligand sites L of the humic molecule� However� it is possible
that a metal ion bound to a ligand site L exchanges coordinated water molecules for low
molecular weight ligands X� thereby forming mixed�ligand L�M�X complexes� If we skip
assumption fA�g� such complexes may be described by the equilibrium

ML � X �� MLX �V��
�

where X is an anion like CO��
� � oxalate� etc� The conditional stability constant of this

mixed�ligand equilibrium is

Kmix �
�MLX�

�ML� � �X�
�V����
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The concentration of metal bound to the humic substance thus is now given by

�MHS� � �ML� � �MLX� �V����

and the total concentration of ligand sites is simply the sum of free ligand sites and metal
bound to the humic substance

�L�total � �L� � �ML� � �MLX� �V����

The relation between the measured data cK and �M� and the three adjustable model
parameters K� Kmix and SCC is now�

cK �
K �� � Kmix � �X��

� �K �� �Kmix � �X�� � �M�
� SCC �V����

In the region of high metal loading where the ligand sites are predominantly occupied by
metal ions� we have �ML� � �MLX� � �L� or K�� � Kmix � �X�� � �M� � �� and Eq� �V����
reduces to Eq� �V���� in the previous model� In this parameter range� no in�uence of the
additional ligand X on the experimental cK values is expected� In other words� in the
region of high metal loading experimental data do not allow us to distinguish between
metal ions bound via ��� complexes only� or mixed�ligand complexes� However� in the
region of very low metal loading� the free ligand sites predominate� �L� � �ML� � �MLX�
or K�� �Kmix � �X�� � �M� � �� and Eq� �V���� reduces to

cK � K �� � Kmix � �X�� � SCC �V�
��

Here� we expect an increase of cK when the concentration of the additional ligand X is
increased above a certain threshold� which is given by �MLX� � �ML� or Kmix � �X� � ��
Therefore� only experimental data at low metal loading are appropriate to decide whether
mixed�ligand complexes are formed� or not� within a certain range of X concentrations�

Information about the formation of MLX complexes in the literature is scarce� Experi�
mental evidence for the existence of such complexes was �rst provided by acid�base titra�
tions combined with ion�selective measurement of Cu�� concentration ���MAN�RAM��
Powell and Town ���POW�TOW� postulated from data obtained by spectroscopic and
voltammetric techniques that MLX complexes were formed in signi�cant amounts� How�
ever� no attempt was made by the authors to derive stability constants from their data�
���POW�TOW�� Bu�e ���BUF� corrected literature data for the complexation of Cu�II�
by humic substance in the presence of X by introducing mixed�ligand complexes� He
tentatively assumed that the stability constant for the reaction between ML and X is the
same as for the addition of X to the metal aqua ion� As a result� the corrected data �t
better to the binding models used in that study� Recently� Glaus� Hummel and Van Loon
��
GLA�HUM� showed in an experimental study of the complexation of humic substances
with Co�II�� Eu�III� and U�VI�� and carbonate� oxalate� nta and edta as anion X� that
MLX complexes are rather weak compared with complexes formed by the low molecular
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weight ligands X alone� In all cases studied so far� Kmix � K�� where K� is the stepwise
stability constant for the equilibrium between MX and MX�� i�e�

K� �
�MX��

�MX� � �X�
�V�
��

If the relation Kmix � K� is valid in general for any metal�ligand combination� it will be
possible to estimate the threshold concentration of X� above which mixed ligand complexes
become important in metal�humic systems� even for cases where Kmix is not known�

V������� Variable stoichiometry models

If we assume that X is not a low molecular weight ligand� but a second ligand site L of
the humic substance that coordinates to the metal ion M� we postulate the formation of
classical ��
 complexes according to�

M � 
 L �� ML� �V�

�

The conditional stability constant of equilibrium �V�

� is

�� �
�ML��

�M� � �L��
�V�
��

The concentration of metal bound to the humic substance thus is now given by

�MHS� � �ML� � �ML�� �V�
��

and the total concentration of ligand sites is the sum of free ligand sites and metal bound
to the humic substance

�L�total � �L� � �ML� � 
�ML�� �V�

�

The relation between the measured data cK and �M� and the three adjustable model
parameters K� �� and SCC is�

cK �
K � �� � �L�

� � �K � �� � 
�L�� � �M�
� SCC �V�
��

This type of model is sometimes called a �multidentate model� ���TUR�VAR�� The term
is misleading since we do not know a priori how many functional groups S constitute a
ligand site L of a humic substance� If more than one functional group S is coordinating�
even a simple ��� complex ML is a multidentate complex� We therefore recommend using
the term �variable stoichiometry models� for models comprising other than simple ���
complexes�

In the region of high metal loading close to metal saturation� the ligand sites are pre�
dominantly occupied by metal ions� i�e� �ML� � 
�ML�� � �L� or �K � �� � 
�L�� � �M� � ��
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but Eq� �V�
�� does not simply reduce to Eq� �V����� as in the cases discussed so far� We
have to distinguish two cases� If the ��� complex predominates� i�e� if �ML� � 
 � �ML�� or
K � �� � 
�L�� Eq� �V�
�� reduces to Eq� �V�����

cK �
�

�M�
� SCC

If the ��
 complex predominates� i�e� if �ML� � 
 � �ML�� or K � �� � 
�L�� Eq� �V�
��
reduces to

cK �
�

�M�
� SCC



�V�
��

Hence� the site complexation capacity is divided by a factor of two as compared to
Eq� �V����� because two complexing sites are involved in the formation of ��
 complexes�
A factor of two in experimental cK values will in general be within the scatter in the
experimental data� Thus� the existence of ��
 complexes is very di�cult to prove unam�
biguously�

In the region of very low metal loading� the free ligand sites predominate� and �L� �
�ML� � 
�ML�� or �K � �� � 
�L�� � �M� � ��� Eq� �V�
�� reduces to

cK � �K � �� � �L�� � SCC �V�
��

In this range the concentration of free binding sites is close to the total concentration of
binding sites� �L� � �L�total � �HS�total � SCC� and Eq� �V�
�� can be written as

cK � �K � �� � �HS�total � SCC� � SCC �V�
��

A linear increase with slope one of the experimental cK values with increasing total con�
centration of humic substance is predicted in this concentration range if ��
 complexes
predominate� This behaviour di�ers from that in the simple model discussed above�
Eq� �V���� where experimental cK values are predicted to be independent of the total
concentration of humic substance �HS�total� An increase of experimental cK values with
increasing total concentration of humic substance� can also be interpreted in terms of
multiple sites� In this conceptual model� as discussed in detail in the next section� in�
creasing concentration of humic substance at constant total metal concentration results
in a decrease in the overall metal loading of the humic substance� As a consequence�
the ratio strong�weak complexing sites is shifted towards the �few� strong sites and the
overall e�ect is an increase of experimental cK values�

In summary� discrimination between models including complexes with variable stoi�
chiometry� and models including �multiple� ��� complexes only� can only be achieved by
varying both� the total concentration of humic substance and the total concentration of
metal� at low metal loading� over several orders of magnitude� Unfortunately� all attempts
published so far to model data with ��
 complexes were made with data sets consisting of
either variable metal concentrations but constant humic substance concentration alone�
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or vice versa� No unique model can be obtained from these data sets� The existence and
potential importance of ��
 metal�humic complexes has not yet been shown from experi�
mental data� In addition� the concepts of ��
 complexes presented by di�erent authors are
rather inconsistent� A few representative examples illustrating this unfortunate situation
follow�

We begin with an example representing the clearest discussion of variable stoichiom�
etry models found in the literature� Bu�e� Greter and Haerdi ���BUF�GRE� measured
the complexation properties of fulvic acids with lead and copper ion�selective electrodes�
The experimental data consist of metal and pH titrations at constant humic substance
concentration �and constant ionic strength�� They were interpreted in terms of ��� and
��
 complexes� including proton exchange equilibria �see Section V�����
�� The authors
���BUF�GRE� assumed that the fulvic acid molecules contain only one coordinating site�
and thus the site complexation capacity parameter� SCC� is inversely proportional to the
mean molecular weight� Mw� of the fulvic acid� SCC � ��Mw � As a consequence� the ��

complexes are thought to involve two molecules of fulvic acid which �is physically possible
since the molecular weight of the complexing molecules of fulvic acid is always low �gen�
erally less than ���� g�mol��� Three parameters were �tted to the metal titration data�
the two stability constants for ��� and ��
 complexes and Mw� However� the authors were
aware of the fact that metal titration data alone cannot prove or disprove the existence of
��
 complexes� After deriving Eq� �V�
��� Bu�e� Greter and Haerdi ���BUF�GRE� stated
that this equation was checked by plotting cK � SCC versus �HS�total � SCC for various
water samples� �Good straight lines were obtained�� but no data or plots of this kind are
shown in the paper�

Stevenson ���STE� reports potentiometric titration data for complexes between Cu�
Pb and Cd and three humic acids at various ionic strengths but constant humic acid
concentrations� The results were interpreted in terms of ��� and ��
 complexes according
to Eq� �V�
��� including proton exchange equilibria �see Section V�����
�� ���STE� states
�it should be noted that� in coordination chemistry� ��� and ��
 complex refer to the
number of molecules necessary to satisfy the coordination number of the metal ion� As
used herein� the relationship denotes the number of ligand sites per metal ion�� Although
not stated clearly in the paper� further discussions in ���STE� indicate that the author
thinks his postulated ��
 complex consists of two adjacent acidic groups� most probably
of the structure type of phthalic or salicylic acid� which is the de�nition of a two�dentate
��� complex� In essence� a conceptual two site model� as discussed in the next section�
is formally treated in terms of a variable stoichiometry model� The same misleading
terminology� mixing up the concept of variable stoichiometry and multiple sites� is used
by Yoon et al� ���YOO�MOO�� They interpret spectroscopic data of Eu�III� � fulvic acid
complexation in terms of �two types of carboxylate moieties for the binding of metal ions
on fulvic acid which formed ��� �EuL�� 	 L � carboxylate� and ��
 �EuL�

� ��� Misleading
terminology adds further to the already rather complicated topic and should be avoided�

The interaction of humic and fulvic acids with Eu�III� and Am�III� at trace metal
concentration was measured by Bertha and Choppin� ���BER�CHO�� using Schubert�s
method� The total metal concentration was held approximately constant while the con�
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centration of humic substance was varied over about one order of magnitude� The exper�
imental data were interpreted as a ��m complex� with m between ��� and ���� Bertha and
Choppin ���BER�CHO� therefore assumed that the complex species are ML and ML��
In addition� they state �since we cannot a priori choose whether these two types of sites
are identical or not� we designate the ��� sites as X and the ��
 sites as Y�� In fact� this
represents a combination of a variable stoichiometry model with a multiple site model�
This model was abandoned in later publications of the same group in favor of a formal
variable stoichiometry model� For example� Torres and Choppin ���TOR�CHO�� measur�
ing Eu�III� and Am�III� humate complexation by a liquid�liquid distribution method at
approximately constant trace metal concentrations but varying pH� state �the experimen�
tal data was �tted satisfactorily by a second order analysis leading to values of �� and ��
but did not require any further parameter� e�g� ���� This misleading formal treatment of
experimental data is still presented in recent publications� For example� Tao� Du and Li
���TAO�DU� report ��� and ��
 stability constants for uranyl�fulvic acid complexation�
formally derived from data obtained by an ion exchange method� These models add very
little to our understanding of metal�humic interactions�

V������� The multi�site models

The conceptual models discussed so far treat humic substances as a simple organic ligand
with an unknown molecular weight� which forms primarily ��� complexes with metal ions�
Variations in experimental cK values at low metal loading lead either to variable �tting
parameters K in the simplest model� Eq� �V���� or are treated by formally introducing
��
 complexes as in Eq� �V�
��� The following is an alternative to variable �constants� K
or the controversial concept of variable stoichiometry� e�g� ��
 complexes�

For illustration� Eu� Am and Cm data in the pH range 
 � 
�
 and at ionic strength ��� M
were collected from several publications� These data have been obtained using di�erent
experimental methods� All experimental data are expressed in terms of cK and �M� as a
common basis� As can be seen in Figure V��� the experimental data show a consistent
pattern� However� it is not possible to model the entire range of data by the simple
single site approach �Eq� �V����� If we split the data set into the concentration ranges
�M� � ���� M and �M� � ���� M� the single site model nicely �ts both data sets separately
but with two rather di�erent sets of parameters in Eq� �V���� namely log��K � ��
�
log�� SCC � ���
 �dashed line in Figure V��� and log��K � ����� log�� SCC � �
��
�dotted line in Figure V����

If we want to describe the entire range of experimental data we have to drop the
assumption fA
g� and consider more than one kind of ligand site� The total amount
of metal bound to the humic substance is given by the sum of metal bound to di�erent
ligand sites i

�MHS� �
X
i

�MLi � �V����

As before� the total concentration of a given ligand site i is the sum of the concentration
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Figure V��� Metal concentration dependence of humic complexation� Eu� Am and Cm
complexation with humic and fulvic acids� Symbols� Experimental data in the pH range

�� � 
�
 and at ionic strength ��� M from several publications� PSI� M�A� Glaus� W�
Hummel and L�R� Van Loon� Paul Scherrer Institute ������ unpublished data� Lines�
Model calculations using Eq� �V���� single site model� with log��K � ��
 and log�� SCC �
���
 �dashed line� and log��K � ���� and log�� SCC � �
�� �dotted line�� or using
Eq� �V����� two site model� with the same parameters �solid line��
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of the free ligand site i and of the metal bound to humic substance at site i

�L�total�i � �Li � � �MLi � �V����

The total concentration of humic substance� �HS�total� is related to the total concentration
of ligand site �L�total�i by

�HS�total � SCCi � �L�total�i �V��
�

where SCCi is the site complexation capacity of binding site i in mol�g� The single site
model �Eq� �V���� is then extended to a multi�site model�

cK �
X
i

Ki

� �Ki � �M�
� SCCi �V����

In essence� the multi�site model� Eq� �V����� considers humic substance as a mixture of
simple organic ligands with unknown molecular weights� where each component of the
mixture is characterised by two �tting parameters� Ki and SCCi�

���



Binding Models for Humic Substances

The simplest version of Eq� �V����� a two site model �i � 
� contains the two parameter
sets derived above �solid line in Figure V���� The main feature of this model is that it
interprets the experimental data by assuming a high concentration of weak sites and a low
concentration of strong sites� The weak sites determine the behaviour of humic complex�
ation at high metal loading� whereas the strong sites� even though their concentration is
only in the range of a few percent of the weak sites� determine the complexation strength
of humic substances at low metal loading� i�e� at trace metal concentrations�

This type of model is very often used in the literature� For example� Li� Victor and
Chakrabarti ���LI�VIC� interpret their data on U�IV� and U�VI� complexation with hu�
mic� fulvic and tannic acids by graphical analysis �Scatchard plots� in terms of a 
�site
model according to Eq� �V����� Using the same type of graphical analysis� Mantoura and
Riley ��
MAN�RIL� interpret their data on complexation of Co� Ni and Zn with humic
acids of di�erent origins in terms of a 
�site model� Note that their parameter ni is the
number of metal binding sites per molecule of humic acid� Although not clearly stated in
their paper� they must have used an average molecular weight of 
��� g�mol to convert
�HS�total �g�l� into MHA� the molar concentration of humic acid� The stability constants
derived by Mantoura and Riley ��
MAN�RIL� are identical with the Ki in Eq� �V�����
however� their ni has to be multiplied by �����
 to be compatible with the de�nition of
SCCi used here� The complexation behaviour of humic acid towards Eu�� is described by
Caceci ��
CAC� in terms of a 
�site model� The data were �tted numerically to Eq� �V�����
In addition� experimental cK data are published� which are called K� by Caceci ��
CAC��
McKnight et al� ���MCK�FED� investigated the copper�complexing properties of aquatic
humic substances isolated from eighteen di�erent environments� They did numerical �ts
using a model containing two types of Cu�II��binding sites and found that all data sets
could be described by one set of constants according to Eq� �V����� Note that the site
complexation capacity SCCi is given as Li� moles of Cu�II� binding sites per milligram
carbon of aquatic fulvic acid� The complexation of copper�II� with dissolved organic lig�
ands in seawater is interpreted by Van den Berg ���BER�� in terms of two complexing
ligands� He did not determine the mass of the dissolved organic ligands� but rather the
concentration of Cu�II� bound to organic ligands and the concentration of free copper�
Thus� instead of �tting data to Eq� �V����� Van den Berg ���BER�� used Eq� �V�����
derived by multiplying Eq� �V���� by �HS�total� Note� that Van den Berg ���BER�� uses
the term  complexing capacity�� CLx� for the total concentration of ligand sites� �L�total�i�

�MHS�

�M�
� cK � �HS�total �

X
i

Ki

� �Ki � �M�
� �L�total�i �V����

These examples show� that even though the same conceptual model is used� great care
has to be taken when comparing results� Di�erent terms and de�nitions are used by
di�erent authors� and sometimes the total concentration of humic substance is converted
into molar units by more or less plausible model assumptions� All these items have to be
 translated� to a common basis before any comparisons of data and models can be made�

The good agreement between the solid line for the two�site model in Figure V�� and the
experimental data may be an artifact� There is no obvious reason why binding of metal
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ions by humic substances should be dominated by just two di�erent types of sites� A
numerically more accurate �t would probably be based on a multi�site model containing
more than two sites� For example� Cabaniss and Shuman ���CAB�SHU� quantitatively
model copper binding by Suwannee River fulvic acids using a 
�site model according to
Eq� �V���� with ten adjustable parameters� This model �ts the data used to calibrate
it� quantitatively describes results from other experiments� and can be used to describe
data which cover three orders of magnitude of copper concentration and one order of
magnitude of DOC� Cabaniss and Shuman ���CAB�SHU� note that a good �t does not
imply that the �sites� determined correspond to chemical reality	 the parameters may
be useful for equilibrium modelling� but should not be used to make inferences about
molecular structure�

A disadvantage of multi�site models is the two added adjustable parameters for each
additional site� An approach to reduce the number of adjustable parameters is pro�
posed by Mattigod and Sposito ���MAT�SPO�� They select a number of simple organic
ligands which are thought to represent the major types of binding sites of humic sub�
stances� Speci�cally� they used nine organic acids as a model for sludge�derived fulvic
acid ���MAT�SPO�� This represents a ��site model according to Eq� �V���� where all the
Ki values are �xed by the selection of a set of aromatic� aliphatic� and amino acids whose
functional groups are expected to simulate closely the metal�complexing groups in the
fulvic acid fraction of a sewage sludge� Nine adjustable SCCi parameters remain� These
were �tted to a �reference fulvic acid� and the concentration of each model acid is given
in terms of the total concentration of ligand sites� �L�total�i� The actual �L�total�i or SCCi

parameters have to be calculated from the reference �L�total�i and reference �HS�total� and
the actually measured �HS�total�

At a �rst glance� a huge di�erence seems to exist between a ��site model according
to Eq� �V���� with ����� adjustable parameters and the mixture model of Mattigod and
Sposito ���MAT�SPO� where all parameters are �xed� However� this di�erence is only
apparent� Choosing the reference ligands out of a large set of simple organic acids only
replaces the numerical �t of Ki values with a ��t�by�selection� procedure� And �tting
the concentrations of these selected simple organic acids to a reference humic substance
is equivalent to a �t of SCCi parameters to a reference humic substance� The degree
of freedom is the same in both approaches� only the technique of parameter �tting is
di�erent�

V������� The continuous distribution models

The heterogeneous mixture labeled �humic substance� may comprise ��� ���� ���� or
more compounds� all with slightly di�erent molecular structure and stereochemistry of
their binding sites� There is no theoretical limit of the number of di�erent ligand sites
used to represent the metal binding properties of humic substances� In fact� a very
large number of di�erent ligand sites characterised by varying parameters Ki may be
envisioned in humic binding models� The discrete distribution of sites in the multi�site
model discussed above� characterised by site complexation capacities SCCi� may then be

���



Binding Models for Humic Substances

replaced by a continuous distribution of ligand sites� characterised by a di�erential site
complexation capacity SCC�K�� de�ned as

SCCi � SCC�K� dK �V��
�

In the mathematical description of the binding model� the sum of Eq� �V���� therefore is
replaced by an integral

cK �
Z
�

�

K

� �K � �M�
� SCC�K� dK �V����

The actual evaluation of the di�erential site complexation capacity SCC�K� depends
on the model assumptions� To begin with� one may assume that one kind of binding
site predominates the interactions of a metal ion with humic substances� In contrast to
our simplest binding model discussed in Section V���
��� we assume that the complexing
strength of the ligand site is not a �xed number� but varies around a mean value due to
the in�uence of di�erent substituents and varying stereochemistry in the large number of
di�erent molecules comprising �humic substance�� If we therefore drop assumption fA�g
�Table V���� we expect some sort of single�mode distribution of SCC�K� as function of K�
Any analytical form of the distribution can be assumed� Following Perdue and coworkers
���PER�LYT
� ��PER�REU� a normal distribution is described by

SCC�log��K� �
SCC�

�log
��

K

p

�

� exp

�
���




�
log��K � log��K�

�log
��

K

���� �V����

where log��K� is the mean log��K value� �log
��

K is the standard deviation for the dis�
tribution of log��K values about the mean value� and SCC� is a proportionality factor
for the site complexation capacities in g�mol� Note� that the distribution is de�ned in
logarithmic units of K� Thus� when Eq� �V���� is substituted in Eq� �V����� the integra�
tion variable has to be changed to log��K and the integral evaluated from minus to plus
in�nity�

cK �
SCC�

�log
��

K

p

�

Z ��

��

��log��K

� � ��log��K �M�
�

exp

�
���




�
log��K � log��K�

�log
��

K

����d log��K �V����

No analytical solution for Eq� �V���� is known� and a numerical solution has to be found
for any given value of �M�� and given values for the three adjustable parameters log��K��
�log

��
K and SCC��

A modi�ed version of the normal distribution model is available which remedies this
problem� A distribution function was proposed by Sips ���SIP� which closely resembles
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a normal distribution but has the advantage that it can be integrated analytically� The
Sips distribution is given by

SCC�K� �
SCCs

�

sin��	�

K��Ks � 
 cos��	� �Ks�K�
�V����

where Ks� 	 and SCCs are constants� The distribution represented by Eq� �V���� has a
quasi�Gaussian shape with an apex at K���

s � K���
s is thus analogous to the mean K� of

the normal distribution Eq� �V����� and the index of heterogeneity� 	 �� � 	 � ��� is
analogous to the standard deviation �log

��
K� If this form of SCC�K� is substituted into

Eq� �V����� a modi�ed Freundlich binding expression is obtained� upon �non�trivial ��
integration ���SIP��

cK �
Ks � �M����

� �Ks � �M��
� SCCs �V����

When 	 � �� corresponding to identical sites which may be mathematically represented
by a Dirac delta function distribution of SCC�K�� Eq� �V���� reduces to the Eq� �V��� of
the simplest model�

In the region of high metal loading close to metal saturation� the ligand sites are pre�
dominantly occupied by metal ions� i�e� Ks��M�� � �� and Eq� �V���� reduces to Eq� �V����
for all 	 values� In other words� at high metal loading no di�erence between a simple
single�site model and a continuous distribution model is expected� In the region of very
low metal loading the free ligand sites predominate� i�e� Ks � �M�� � �� and Eq� �V����
reduces to

cK � Ks � SCCs � �M���� �V����

At low metal loading cK reaches a constant value only if 	 � �� In all other cases�
log��

cK varies linearly with varying log���M� with slope 	 � �� This increase in log��
cK

with decreasing log���M� is steeper the smaller the parameter 	 is� i�e� the broader the
distribution of SCC�K� as function of K�

For illustration� the data of Figure V�� are presented in Figure V�
 together with a �tted
curve based on Eq� �V����� the Freundlich type binding expression �solid line in Figure V�

with log��Ks � 
�
� log�� SCCs � ���
� 	 � ����� For comparison� the result of the two�
site model of Figure V�� is added �dotted line�� As can be seen� the two�step appearance is
gone and a smooth dependence of cK on free metal concentration is obtained� An in�nitely
increasing cK coe�cient with decreasing metal loading is predicted by this model� This
is clearly in contradiction with chemical reality� as there are no in�nitely strong binding

� Actually� the derivation of the Sips distribution went the other way round� Sips started from the
observation that adsorption of gas molecules on catalyst surfaces can be described by �purely empir	
ical
 Freundlich isotherms� By applying an inverse Stieltjes	Laplace transform to the mathematical
expression known as Freundlich isotherm� Sips obtained a distribution function which is now known
as Sips distribution and which happened to be very similar to the Gaussian normal distribution
function ��
SIP��
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Figure V�
� Metal concentration dependence of humic complexation� Eu� Am and Cm
complexation with humic and fulvic acids� Symbols� Experimental data in the pH range

�� � 
�
 and at ionic strength ��� M from several publications� PSI� M�A� Glaus� W�
Hummel and L�R� Van Loon� Paul Scherrer Institute ������ unpublished data� Lines�
Model calculations using Eq� �V����� two site model� with parameters given in Figure V��
�dotted line�� or using Eq� �V����� a continuous distribution model� with log��Ks � 
�
�
log�� SCCs � ���
 and 	 � ��� �solid line��
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sites� An upper limit of binding strength will be reached at some low metal loading�
and beyond this limit cK is expected to remain constant� Thus� we have remedied the
chemically unrealistic two�site model by creating a chemically unrealistic in�nite increase
of the cK coe�cient� If we want to solve this new problem� we have to replace the
in�nite upper boundary in Eqs� �V���� or �V���� by a �nite boundary� This adds another
adjustable parameter to our model� e�ectively modifying it to a �truncated� continuous
distribution model� But we not only increase the number of adjustable parameters� we
also lose the advantage of the analytical expression� Eq� �V����� as no analytical solutions
of truncated SCC�K� distributions are known�

Until now we have assumed that only one class of binding site predominates� according
to assumption fA
g �Table V���� If we drop this assumption by postulating the existence
of more than one class of ligands� we arrive at multiple site continuous distribution models�
For the simplest case� a two site model� we expect bimodal distributions of SCC�K�
as function of K� A pronounced bimodal distribution is actually reported by Perdue�
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Reuter and Parrishi ���PER�REU� as the �nal result of their statistical model of proton
binding by humic substances� They found two maxima of SCC�K� around log��K� � �
and log��K� � �
 by extending Eq� �V���� to a two�site Gaussian distribution model�
This result can be interpreted as representing proton binding by carboxylic and phenolic
binding sites� Similar results are reported by Nederlof et al� ���NED�WIT� using a double
Freundlich binding expression based on Eq� �V����� They found two maxima of SCC�K�
around log��K� � � and log��K� � ��� both maxima appearing at the edges of their
experimental window� Results for metal binding of humic substances are less clear�cut
than proton binding� Perdue and Lytle ���PER�LYT
� report results for copper binding
by humic substances and state that the �data sets were �t reasonably well by a single�
mode Gaussian distribution model �one class of ligands�� although minor improvement
in the degree of �t was obtained with the bimodal distribution model�� The free copper
concentrations in their measurements range between ���� M and ���� M� In a recent
study� Benedetti et al� ��
BEN�MIL� extended the free copper concentration down to
����� M and found a pronounced bimodal distribution using a Freundlich type binding
expression according to Eq� �V����� Similar results are obtained for Cd� whereas Ca
binding can be described by a monomodal Sips distribution ��
BEN�MIL��

All these results depend on a priori assumptions about the distribution function
SCC�K�� If no assumptions are made beforehand about the type of distribution� the
function SCC�K� has to be derived from experimental data� Mathematically� �nding
SCC�K� implies the inversion of Eq� �V����� which cannot be achieved analytically�
Good results are obtained with numerical methods only for very accurate data that
cover the whole range of concentrations of interest� By making some approximations
it is also possible to solve Eq� �V���� analytically for SCC�K�� Numerous methods
have been proposed and applied to experimental data� such as the a�nity spectrum
method ���SHU�COL� ��DZO�FIS� ��FIS�DZO�� the di�erential equilibrium function
���GAM� ��ALT�BUF�� the logarithmic symmetrical approximation ���NED�RIE�� and
the site occupation distribution function ���BUF�ALT�� These and some other �semiana�
lytical� methods are compared and discussed in some detail in ���DZO�FIS� ��FIS�DZO�
��BUF�ALT� �
NED�RIE�� In an ideal world of accurate data and in�nitely wide analyt�
ical windows� these methods would allow the derivation of chemically meaningful SCC�K�
distributions� which in turn would provide valuable information for the development or
selection of an appropriate humic binding model� In reality� however� all these methods
su�er severely from artifacts due to narrow analytical windows and spurious peaks in
the distribution function generated by experimental errors� The problem of truncated
and error prone data sets was a topic of discussion during the last ten years� as doc�
umented in ���FIS�DZO� ��TUR�VAR� ��BUF�ALT� ��NED�RIE�� Despite all e�orts
made to eliminate these problems by using spline functions to smooth the experimental
data ���FIS�DZO� ��NED�RIE�� or by introducing new methods ���BUF�ALT�� it still
remains to be seen if these approaches contribute to our understanding of metal�humic
binding and promote the development of chemically more realistic and more accurate
binding models�
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V����� Variations in pH

A general observation made in investigations of metal�humic complexation is that the
experimental cK values vary with pH� Di�erent concepts were developed to describe� to
explain� and to model this observed pH dependence of cK values� The ideas can roughly be
divided into concepts assuming variable pH dependent concentration of complexing sites
and concepts ascribing the behaviour of cK values to variable pH dependent conditional
stability constants� This pH dependence of conditional stability constants is modelled by
empirical functions� by assuming proton exchange reactions or by introducing electrostatic
e�ects�

V������� Empirical functions

In some models the concentration of complexing sites is identi�ed with the maximum
concentration of metal ions bound to humic substances� It is observed that the latter
quantity� which is proportional to quantities like �complexing capacity� or �loading ca�
pacity�� changes with pH� Consequently� the complexing capacity W ��
MOU�MOU� or
the loading capacity LC ���CZE�KIM� is evaluated experimentally and used to de�ne the
amount of humic substance available for complexation under a given set of experimental
conditions� The resulting empirical functions of pH� i�e� W � f�pH� and LC � f�pH��
are found to be highly non�linear�

A similar approach is chosen by Choppin and coworkers ���TOR�CHO� �
RAO�CHO�
who assume that the site complexation capacity� SCC� of a humic substance is propor�
tional to the degree of ionisation� 	� of the humic substance at a particular pH� i�e�
SCC � f�	�� or more precisely SCC � PEC �	� where PEC is the proton exchange capac�
ity or the �total carboxylate capacity� ���TOR�CHO�� Both 	 and PEC� are evaluated
experimentally by pH titration� 	 is also an empirical function of pH which is highly
non�linear ���TOR�CHO��

These concepts implicitly drop assumption fA�g� that the number of active binding
sites is constant under varying chemical conditions� Although not always clearly stated
�with the commendable exception of ���CZE�KIM��� the common assumption underlying
these concepts� is that metal ions may interact only with deprotonated� or dissociated�
functional groups of the humic substance� At a given pH� where the potential ligand sites
are only partially dissociated� all proton exchange sites� PEC� are not fully available for
metal complexation� and thus the experimental cK values vary with pH� Metal�proton
exchange reactions of the type M � HL �� ML � H� with strongly complexing functional
groups like phenolic or alcoholic OH groups� are not considered in this concept� This
means that assumption fA
g� no proton exchange reactions� is valid even at increasing
pH�

This model seems to work fairly well at high metal loading close to metal saturation� In
this parameter range� where the metal�humic interactions most probably are dominated
by weak complexes with carboxylic acid groups� a �stability constant� independent of pH
is found when the concentration of complexing sites is de�ned by the empirical loading
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capacity ���KIM�BUC� ��KIM�CZE� or the degree of ionisation ��
RAO�CHO�� At trace
metal concentrations� i�e� very low metal loading� however� the �stability constants� are
found to change drastically with pH even if the concentration of binding sites is de�ned
by the degree of ionisation ���TOR�CHO�� This is strong evidence that metal�proton
exchange reactions play some role in this pH�concentration range�

Nevertheless� the pH dependence of conditional stability constants is sometimes de�
scribed by empirical functions� For example� Torres and Choppin ���TOR�CHO� found
that the pH variation of the conditional stability constants log�� � for uranyl�humate com�
plexation� corrected for the degree of ionisation� 	� is a linear function of this parameter
	� i�e� log�� � � intercept � slope � 	� This model just serves as a simple description of
experimental data and no explanation of the empirical linear function in chemical terms
was attempted by Torres and Choppin ���TOR�CHO��

V������� Proton exchange reactions

All concepts discussed so far assume� fA
g� that metal�proton exchange reactions do not
in�uence the metal complexation behaviour of humic substances� On the other hand� it
is well known that the formation of strong metal complexes with small organic ligands
like salicylic acid or edta involves proton exchange reactions of the type

M � HL �� ML � H �V��
�

with an equilibrium constant

Kexch �
�ML� � �H�

�M� � �HL�
�V����

We drop the assumption fA
g and postulate that proton exchange reactions� e�g� with
phenolic OH groups� dominate metal complexation with humic substance within a certain
pH range� Within this pH range� all free ligand sites of the humic substance are proto�
nated� i�e� �L�total � �HL� � �ML�� and thus the model described by� Eq� �V���� is modi�ed
to

cK �
Kexch � �H���

� �Kexch � �M���H�
� SCC �V����

In the region of high metal loading� the same behaviour of cK as in the case of the model
described by Eq� �V���� is expected� In the region of low metal loading the protonated
ligand sites predominate� i�e� �HL� � �ML� and we expect an increase of log��

cK with
increasing pH with a slope of one�

log��
cK � log��Kexch � log�� SCC � p�H� �V��
�

Metal�proton exchange reactions are often assumed to be the predominant equilibria in
the more complex humic binding models� For example� Stevenson ���STE� includes proton
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exchange in his variable stoichiometry model� which is already discussed in Section V���
���
Chemical equilibria in Tipping�s Model V ��
TIP�HUR� are also expressed in terms of
metal�proton exchanges� In this model� two classes of binding sites are assumed� single
proton�dissociating A sites �monodentate� according to Eq� �V��
�� and� when the single
groups are su�ciently close� bidentate B sites which are assumed to release two protons
when complexing a metal ion� Two separate exchange constants for type A and type B
sites� KMHA and KMHB respectively� are included in Model V as adjustable parameters�

Experimental results for the complexation of humic substance with Eu� Am and Cm
at trace metal concentrations may serve as an illustration of the pH dependence of cK�
Data measured by di�erent authors on humic and fulvic acids from various sources within
the pH range ��� to � at an ionic strength ��� M exhibit a very strong pH dependence�
even in the acidic pH range �Figure V���� In Figure V��� log��

cK increases with pH
with a slope of one� which corroborates the assumption of predominating metal�proton
exchange reactions according to equilibrium �V��
�� However� the interpretation is not
unambiguous� Bulk thermodynamic data alone cannot discriminate between a model
describing the observed variability of cK by assuming a proton exchange reaction according
to equilibrium �V��
� and a model assuming the formation of ternary complexes with OH�

according to equilibrium �V�����

M � L � H�O �� M�OH�L � H �V����

There are additional chemical arguments which allow a choice between the two models�
These go as follows� In the case of U�VI� one observes an increase of log��

cK with pH with
a slope of one below pH 
�
 at trace metal concentration ���HIG�KIN�� According to our
own experimental results� the increase of log��

cK by slope � extends up to pH �� for both
U�VI� and Eu� The hydrolysis of Eu�� and UO��

� aquo ions commences at completely
di�erent pH values� i�e� above pH � for UO��

� and beyond pH � for Eu��� If the formation
of ternary hydroxo complexes predominated in the pH range investigated here� one would
expect that di�erent hydrolysis behaviour would somehow be re�ected in the variation
of log��

cK with pH� Since this was not observed� we assume proton exchange reactions
according to Eq� �V��
� in both cases over the whole pH range investigated�

This simple model fails if it is applied to other metal ions like Ca or Pb� or transition
metals like Ni� Co� and Cu� Experimental results of humic complexation with these metals
consistently show a pH dependency of log��

cK� but with a slope signi�cantly less than
one �see for example ���BUF�GRE� or ���HIG�KIN��� One may argue that the measured
bulk properties do not re�ect a single metal�proton exchange reaction� but a mixture of
many slightly di�erent reactions which may or may not release protons while binding a
metal ion� The observed net result is an average number� x� of protons released during
metal binding

M � HxL �� ML � xH �V����

where x may be a non�integer number� This model contains� besides Kexch and SCC� a
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Figure V��� The pH dependence of humic complexation� Eu� Am and Cm complexation
with humic and fulvic acids� Symbols� Experimental data in the range of trace metal
concentration and at ionic strength ��� M from several publications� PSI� M�A� Glaus�
W� Hummel and L�R� Van Loon� Paul Scherrer Institute ������ unpublished data� The
solid line with slope one corroborates the assumption of metal�proton exchange reactions
as the dominating complexation process�
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third adjustable parameter x�

cK �
Kexch � �H��x

� �Kexch � �M���H�x
� SCC �V����

which at low metal loading can be adjusted in such a way that the observed pH dependence
is described by the model�

log��
cK � log��Kexch � log�� SCC � x � p�H� �V����

Bu�e� Greter and Haerdi ���BUF�GRE� included x in a variable stoichiometry model
�see Section V���
��� and determined its value from the titration of samples at constant
concentration of the metal ion� They report values of x between ��� and ��� for Cu and
Pb�

In the foregoing discussion we dropped assumption fA
g by introducing a non�integer
stoichiometry coe�cient x for proton release� Alternatively� we may drop assumption
fA�g� and assume that Kexch has a continuous distribution of values due to the in�u�
ence of di�erent substituents and varying stereochemistry� If we further assume a Sips
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distribution� Eq� �V����� then our original continuous distribution model without proton
exchange reactions� Eq� �V����� is equal to

cK �
Ks�exch � �M�����H���

� �Ks�exch � ��M���H���
� SCCs �V�
��

At low metal loading� Eq� �V�
�� reduces to

log��
cK � log��Ks�exch � log�� SCCs � �	� �� � log���M� � 	 � p�H� �V�
��

In contrast to the concepts discussed so far� in which cK is independent of the metal
concentration at low metal loading� we now have a coupled dependency of cK on pH and
the metal concentration� If log��

cK increases with pH by slope 	� a variation with log���M�
of slope 	� � is expected� In other words� the ��atter� the pH dependency becomes� the
steeper log���M� dependency would be expected�

So far we assumed that metal�proton exchange reactions predominate over the entire
parameter range of interest� resulting in a linear pH dependence of log��

cK to very high
pH values� From a chemical point of view this is a rather unrealistic assumption� because
beyond some pH range the predominating functional groups may be deprotonated and
metal complexation may take place at free ligand sites� This e�ect may be accounted
for in humic binding models as follows� The equilibrium described by Eq� �V��
� can be
interpreted as a competition between a simple metal�ligand formation� Eq� �V���� and a
protonation reaction according to

H � L �� HL �V�

�

with a protonation constant

KH �
�HL�

�H� � �L�
�V�
��

The total concentration of ligand sites is now the sum of free and protonated ligand sites
and metal bound to the humic substance

�L�total � �L� � �HL� � �ML� �V�
��

and the model� Eq� �V���� extends to

cK �
K

� �KH � �H� �K � �M�
� SCC �V�

�

At low metal loading� log��
cK as a function of pH now varies between slope one� if all

free ligand sites are protonated� and slope zero� if all free ligand sites are deprotonated�
The transition between these two regions is determined by the value of the protonation
constant KH�
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Any shape of the log��
cK � pH curves can be obtained if we assume multiple sites and

extend our single site model� Eq� �V�

�� to a multiple site model

cK �
X
i

Ki

� �KH
i � �H�� �Ki � �M�

� SCCi �V�
��

However� increasing the number of sites increases the number of adjustable parameters
by three for each site�

In order to circumvent this parameter increase� one may try to combine the concept of
individual protonation constants� Eq� �V�
��� with the concept of continuous distributions
of stability constants� In general� the resulting two�dimensional distribution functions of
K and KH cannot be solved analytically� The numerical evaluation of these expressions
is not an insurmountable technical problem� but puts serious obstacles in the way of
evaluating conceptual models in terms of chemical plausibility� Only if we assume that
both� K and KH� have identical distribution functions� thus reducing the two�dimensional
case to a one�dimensional one� and assume a Sips distribution� Eq� �V����� can we obtain
an analytical solution� The derivation of this �multicomponent equation� is discussed in
detail by van Riemsdijk et al� ���RIE�BOL��

None of the more complicated approaches to model the pH dependence of cK� as de�
scribed by Eqs� �V�
��� �V�

�� �V�
�� or multicomponent equations ���RIE�BOL�� has
been thoroughly evaluated in the literature� If these approaches are used at all� they are
incorporated into even more complex models� e�g� ��
BEN�MIL�� and the reasons for the
usual resulting �good �t of experimental data� is not analysed in terms of individual con�
tributions of conceptual �compartments� of the composite model� Whether the general
trend of pH and metal concentration e�ects� found experimentally for a large set of metal
ions over a wide range of pH� can be described consistently by any one of the models
discussed above or any plausible combination of them� is still an open question�

V������� Electrostatic e�ects

A completely di�erent concept to explain the observed pH �and ionic strength� dependence
of experimental cK values emerges if the overall charge of a humic macromolecule is
considered� The following reasoning was originally developed for sorption of metal ions on
solid surfaces� e�g� ���DZO�MOR�� but may be also applied with some small modi�cations
to the complexation of metal ions to humic substances�

The basic idea is that the concentrations of protons and free metal ions in the vicinity
of humic binding sites are di�erent from the proton and free metal concentrations of the
bulk solution� Energy is required to move ions through potential gradients near charged
regions of macromolecules� so the overall charge of humic substance a�ects the tendency of
binding sites to coordinate or dissociate protons and metal ions� With increasing negative
charge of the humic molecule� caused by progressive dissociation of protonated functional
groups with increasing pH� it becomes more di�cult to dissociate protons and metal ions�
Although it is impossible to separate the chemical and electrostatic contributions to the
total binding energy experimentally� it is useful to separate them theoretically in order to
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obtain a speci�c �i�e�� chemical� interaction term that does not vary with overall charge�
and a variable electrostatic interaction term ���DZO�MOR��

The total free energy of complexation� !G�

total� is separated into its component parts

!G�

total � !G�

int � !G�

coul �V�
��

where !G�

int is the chemical or �intrinsic� free�energy term and !G�

coul is the variable
electrostatic or �coulombic� term� In other words� the overall complex formation equilib�
rium

M � HS �� MHS

!G� � �RT lnK �V�
��

is separated into an equilibrium with �local� concentration of metal ions� �M�local� either
at the surface of an impenetrable region� or within a penetrable phase�

Mlocal � HS �� MHS

!G�

int � �RT lnKint �V�
��

and an equilibrium between this �local� concentration and the bulk concentration of ions

M �� Mlocal

!G�

coul � Z � F � 
 �V����

The theoretical expression for the coulombic term� Eq� �V����� is derived from the elec�
trostatic work in transporting ions through the interfacial potential gradient� Combining
Eqs� �V�
�� to �V���� we get

K � Kint � exp��!Z F
�RT � �V����

where R is the gas constant� T the absolute temperature� F the Faraday constant� 

the electrostatic potential� Kint an intrinsic �adjustable� equilibrium constant which is
assumed not to depend on the overall charge of the humic molecule� and !Z the change
in the charge of the binding site due to the complexation reaction� In the case of simple
metal ion coordination� Eq� �V�
��� !Z is simply the charge Z of the free metal ion� In
the case of metal�proton exchange reactions� !Z is the di�erence between the charge of
the metal ion and the number of protons released�

Eq� �V���� is the basic expression in all electrostatic models� and all further problems
are related to the question of how to evaluate the electrostatic potential 
� This question
is discussed in detail by Bartschat� Cabaniss and Morel ��
BAR�CAB� and the following
short summary follows their reasoning� The key variable for calculating the coulombic
e�ect on the free energy of a reaction� the electrostatic potential 
� is usually obtained as
the solution of a Poisson�Boltzmann equation�

When the potential 
 is small� so that exp�F
�RT � � � � F
�RT � the Poisson�
Boltzmann equation can be linearised to an equation with analytical solutions for planar�
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cylindrical� and spherical geometries� The impenetrable sphere concept was �rst used by
Debye and H"uckel to derive their well�known limiting laws for the activity coe�cients of
strong ions in solution� More recently� the Debye�H"uckel equation� was applied to humic
substances by Tipping� Reddy and Hurley ���TIP�RED� and Falck ���FAL�� This Debye�
H"uckel equation contains three adjustable parameters� the radius of the humic molecule�
the distance of closest approach of a small ion to the humic molecule� and the charge
in mol�g of the humic molecule� The latter parameter may be estimated from the total
charge of the humic substance� measured by pH titration� and the average molecular
weight of the humic substance� Whereas the distance of closest approach of small ions
is expected to vary little from ion to ion� the radius and molecular weight of a humic
molecule are essentially two �tting parameters in the Debye�H"uckel equation� The e�ects
of varying these parameters when �tting proton dissociation data of humic substances is
discussed in some detail by Tipping� Reddy and Hurley ���TIP�RED��

However� when 
 is large� as may be the case when considering humic molecules with
many deprotonated functional groups at high pH� the linear approximation might be
inappropriate�

Unfortunately� the only nonlinear Poisson�Boltzmann equation for which an analytical
solution has been found is for an in�nite plane with equally distributed charges� This solu�
tion was used by Gouy and Chapman in their original theory� which is the basis of surface
complexation models describing sorption of ions on mineral surfaces ���DZO�MOR�� The
charge on a surface is determined by proton transfer reactions and by surface coordina�
tion reactions with other cations and anions� If a di�use layer of counterion charges is
assumed to be located on the solution side of the interface� the relationship between sur�
face charge and potential is �xed by the electrical double�layer theory� According to the
Gouy�Chapman theory �for a symmetrical electrolyte with valence z�� the surface charge
density ��� in C�m�� is related to the potential at the surface �
� in volts� at 

�C by

� � ������ � pc � sinh�z � 
 � ������ �V��
�

where c is the molar electrolyte concentration ���DZO�MOR�� A more general discussion
of charge density expressions including asymmetrical electrolytes is given by de Levie

� Note some potential pitfalls when dealing with equations referring to electrostatic e�ects� In the
older literature� e�g� in Tanford�s comprehensive textbook ���TAN�� the Debye	H�uckel equations and
variants thereof are derived in CGS electrostatic units �esu
� This not only involves a factor of ��
in the equations� but also the fundamental physical constants like ��� e� and k have di�erent units
and di�erent numerical values than in the SI system �see Table II��
� Tipping� Reddy and Hurley
���TIP�RED� and Falck ���FAL�� however� just take equations from ���TAN� without stating this
fact� In addition� in both publications the formula for the Debye parameter � is wrongly copied from
���TAN�� Tipping� Reddy and Hurley ���TIP�RED� present an equation ��
 for � which does not refer
to the ionic strength I� but to N ions per cubic centimeter �Eq� ��	�� in ���TAN�
� Falck ���FAL�
presents an equation ��
 for � where a scaling factor of

p
���� is dropped �Eq� ��	�� in ���TAN�
 and

thus I is implicitly de�ned in mol per cubic centimeter� In addition� the numerical value of the Debye
parameter at ���C �in SI units �
 is wrong in ���FAL�� probably by a factor of

p
��� In summary�

great care has to be taken when considering electrostatic theory from the older literature� otherwise
one may easily introduce numerical errors of many orders of magnitude in binding models�
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���LEV�� The surface charge density � cannot be measured directly� but is an adjustable
parameter in binding models that include the Gouy�Chapman electrostatic term� In
principle� � can be evaluated by two methods� The �rst� more empirical one� considers
the total charge of the humic substance� measured as a function of pH by titration� The
second method� employed in surface complexation models� calculates the net charge on
the surface by mass balance equations of �postulated� surface complexation equilibria
���DZO�MOR�� Both methods need the speci�c surface area A �m��g� to convert the
total charge of the surface into the surface charge density �� In the case of sorption of
ions on mineral surfaces some methods are proposed which allow an estimate of the speci�c
surface area within one order of magnitude� at least for pure metal oxides ���DZO�MOR��
The speci�c surface area A of humic substances has to be treated as an empirical �tting
parameter� Due to conformational changes of humic molecules with varying chemical
conditions� A is probably not a constant� even for a speci�c sample� but may vary with
pH and the ionic strength�

Modeling humic substances as in�nite planes seems to be justi�ed for large humic acid
molecules� but is a poor approximation for the smaller size fraction of fulvic acids�

A completely di�erent concept for electrostatic interactions is promoted by Marin�
sky and coworkers ���EPH�ALE� ��EPH�MAR� ��MAR�EPH� ��CAB�MOR�� Humic
substances are treated as a microphase gel ���MAR�RED
� based on a macroscopic two�
phase gel model originally developed for the physicochemical description of synthetic
cross�linked polyelectrolytes like ion exchange resins ���MAR�RED�� It is assumed that
enough counterions accumulate in the charged gel phase to neutralise it� and based on
this electroneutrality assumption� the distribution of protons and metal ions between the
gel phase and the bulk solution can be described by Donnan potentials� The Donnan po�
tential term� the ratio of the metal ion activities in the two phases� i�e� fMggel�fMgsolution�
is used to evaluate the exponential term in Eq� �V����� For low ionic strength the con�
centration of counterions in the gel phase is approximately equal to the concentration of
charge of the humic substance� and 
 is related to ��� the volume charge density of the
gel� by Bartschat� Cabaniss and Morel ��
BAR�CAB��

����I � exp��F
�RT � �V����

The concentration of counterions in the gel phase� which� by the electroneutrality assump�
tion� is equal to the volume charge density of the gel� cannot be measured� To calculate
this quantity� the total charge of the humic substance� measured by pH titration in mol�g�
and the speci�c volume� Vgel� of the gel phase in l�g are needed� In the case of macroscopic
two�phase gels� the density of the gel can be measured in a pycnometer ���MER�MAR��
or the volume of the remaining solution can be measured with a spectrophotometer after
adding a macromolecular dye which cannot di�use into the gel phase ���ALE�ESC�� Both
methods lead to an independent determination of Vgel� In the case of a peat� the volume
of the gel phase could only be estimated by assuming that it corresponds to the quan�
tity of water contained by the fully hydrated sample ��wet peat�� ���MAR�WOL�� In
contrast to ion exchange resins and similar cross�linked synthetic polymers� simple linear
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polymers and humic substances are one�phase solutions� and do not exhibit a macroscopic
gel phase� However� one may envision the large molecules of linear polymers and humic
substances as microphase gels� The phase boundary of these mircophase gels must be de�
�ned arbitrarily ���SLO�MAR�� In other words� the speci�c volume of a humic substance�
Vgel� is a model dependent adjustable parameter� like the speci�c surface area� A� in the
Gouy�Chapman theory discussed above� Within the scope of Marinsky�s gel model for
humic substances� the exponential term in Eq� �V����� named the �electrostatic deviation
term �!pK�� ���EPH�ALE� ��EPH�BOR�

!pK � �F
�RT �V����

is derived from experimental data in the following manner� At high ionic strengths �� M
and higher�� experimental titration data are found to be insensitive to ionic strength� It
is assumed that in this region the electrolyte concentration in the bulk solution and in
the gel phase are the same� i�e� the Donnan potential vanishes and thus !pK is zero�
Therefore� the experimental data at high ionic strength are taken as a �reference line�
and all deviations of experimental data at lower ionic strength are interpreted as due
to the electrostatic deviation term !pK �see Figure 
� in ���EPH�ALE� or Figure � in
���EPH�BOR��� In other words� although it is never clearly stated in the publications of
Marinsky and coworkers� the speci�c volume� Vgel� of a humic substance �gel� is considered
to be an empirical function of pH and ionic strength and is used to express the deviation
between the experimental data at lower ionic strength from the �reference line� at high
ionic strength�

All treatments of electrostatic e�ects discussed so far can be considered as limiting
cases� or special solutions of the Poisson�Boltzmann equation� limited to small poten�
tials as in the Debye�H"uckel theory� or to in�nite �at interfaces as in the Gouy�Chapman
�at plate model or Marinsky�s gel model� Unfortunately� all more general cases of the
Poisson�Boltzmann equation do not have analytical solutions and we must resort to nu�
merical methods for their solution� The case of rigid impenetrable spheres of arbitrary
electrostatic potential is described by de Wit et al� ���WIT�RIE�� and both penetrable
and impenetrable spheres and their limiting cases are discussed in detail by Bartschat�
Cabaniss and Morel ��
BAR�CAB�� In the case of an impenetrable sphere� the relevant
charge parameter is �� the surface charge density on the sphere� which is assumed to be
uniform� In the case of a penetrable sphere� the relevant charge parameter is ��� the
density of the charge contained in the volume of the sphere in the absence of counterions�
In both cases the charge parameters can be evaluated from experimental titration data
by assuming an average radius and an average molecular weight of the humic substance�
If size distributions are to be considered� a third model dependent parameter enters the
game� to describe the relationship between the size of the humic molecule and the charge
parameter� � or ��� If it is assumed that the number of charged sites is proportional to
the molecular weight and that the molecular weight of the molecule is proportional to its
volume� the volume charge density �� of the penetrable sphere will not vary with size� In
the case of the impenetrable sphere� the surface charge density � will increase in direct
proportion to the radius of the humic molecule� However� additional assumptions are
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hidden here not stated by Bartschat� Cabaniss and Morel ��
BAR�CAB�� namely that
proportionality between the number of charged sites and the volume holds also for an
impenetrable sphere and that all these charged sites contribute to the surface charge� By
contrast� if we assume that the number of charged sites is proportional to the surface area
of the humic molecule� the surface charge density � will not vary with size� As is shown
by Bartschat� Cabaniss and Morel ��
BAR�CAB�� both the penetrable and impenetrable
sphere models can elegantly describe the e�ect of size distributions and provide an inter�
mediate solution for medium sized molecules not described well by either Debye�H"uckel or
polyelectrolyte models� The behaviour of such molecules is of the Debye�H"uckel type for
small�sized molecules� and is described as either the Donnan model �penetrable spheres� or
the Gouy�Chapman model �impenetrable spheres� when their radius becomes very large�
As in all other approaches towards more �realistic� humic binding models discussed in
the preceding sections� the advantage of considering size distributions of humic molecules
is o�set by the increase of the number of empirical �tting parameters in the model�

A more general problem inherent in all the electrostatic concepts is the question� �What
is the  surface� or the  volume� of a humic molecule��� From the viewpoint of macroscopic
properties� e�g� the �ltration behaviour of humic colloids� envisioning humic substance as
composed of spherical particles is perfectly valid� On the microscopic level� metal�humic
bonding is described using functional groups� or �local� molecular properties� Electro�
static e�ects on macromolecules are described on a scale between these two extremes�
The geometrical distribution of charges in the near and intermediate neighborhood of a
chosen local reference point in�uences the binding properties of this functional group� As
the molecular structure of humic substance is not known� we cannot infer the geometri�
cal distribution of charges in the intermediate neighborhood from local functional groups�
What may appear to be spheres from a distance will blur when we �approach� our objects
of research� and �nally might look more like cotton wad than like billiard�balls� In fact�
humic substances may be described in terms of fractal geometry over about two orders
of magnitude in size ���RIC�LIN� ��OST�MOR�� Fractals are geometric representations
of strongly disordered systems with structures that can be described by non�integral di�
mensions ���SEN�� A fundamental tenet of fractal geometry is that disorder exists at any
characterisation scale used to examine the substance� Regardless of the �magni�cation�
used� the disorder of a fractal object cannot be resolved� From this perspective� disorder
is seen as an inherent characteristic of a fractal material rather than as a perturbation
phenomenon forced upon it� Experimental results show ���RIC�LIN� ��OST�MOR� that
humic substances can be described as fractal materials exactly in the size range that
causes electrostatic e�ects on metal�humic binding� Thus� the mental construct of hu�
mic molecules as simple geometrical objects having well�de�ned �surfaces� and �volumes�
may be quite inappropriate� But no attempt has yet been made to model electrostatic
e�ects in terms of fractal geometry�

To circumvent the geometrical problems� one may resort to a purely empirical treatment
of electrostatic e�ects� In an early approach of this type Wilson and Kinney ���WIL�KIN�
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used the empirical relation


�Z � F
�RT �V��
�

where � is the electrostatic interaction factor and Z is the average charge on a humic
molecule at a given pH� The average charge Z cannot be evaluated without knowledge
of the average molecular weight of the humic molecules� If one assumes that protons are
the only cationic species in solution and that only one type of carboxylic acid groups is
present� the molecular charge at a given pH can be represented as

Z � �	 � nCOOH �V����

where nCOOH is the �not measurable� total number of carboxylic acid groups per molecule�
and 	 is the �measurable� fraction of species dissociated� As a consequence� the prod�
uct � � nCOOH can be derived as an empirical �tting parameter from titration curves
���WIL�KIN�� However� the product cannot be resolved further without additional model
assumptions� e�g� of the average molecular weight�

More recently� Tipping used the empirical relation� Eq� �V��
�� in his Model V
��
TIP�HUR�� and de�ned the electrostatic interaction factor � as

� � P � log�� I �V����

where I is the ionic strength and P is an adjustable parameter for optimisation� In
contrast to the product� � �nCOOH� in ���WIL�KIN�� we have now two independent �tting
parameters in Model V ��
TIP�HUR�� the average molecular weight of the humic molecule
and the purely empirical parameter P �

A �nal remark on electrostatic e�ects� Pure polyelectrolyte models assume a single
repeated functional group� i�e� assumptions fA�g to fA
g are valid� and all measured pH
variations of cK are thought to be due to electrostatic interactions� This is a valid de�
scription of synthetic polyelectrolytes� but humic substances are more complex� Therefore�
humic binding models usually combine electrostatic e�ects with functional group hetero�
geneity in one way or another� A few examples may illustrate this point� In Morel�s
�oligoelectrolyte model� ��
BAR�CAB� electrostatic terms are combined with a multiple
site model� Tipping�s �Model V� ��
TIP�HUR� contains electrostatic terms and discrete
distributions of two classes of metal�proton exchange sites� Van Riemsdijk and coworkers
���WIT�RIE� propose a humic binding model which comprises electrostatic interactions
and continuous �Sips� distributions of binding sites�

V����� Variations in ionic strength

The variation of experimental cK values with ionic strength is a general observation made
in investigations of metal�humic complexation� The ideas developed to model the mea�
sured ionic strength e�ects can be divided into concepts assuming that the concentration
of complexing sites is dependent on ionic strength and concepts ascribing the behaviour of
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cK values to conditional stability constants that depend on ionic strength due to electro�
static e�ects� All models that account for both pH and ionic strength e�ects have already
been discussed in the preceding section� Here we focus solely on the special ionic strength
aspects of these models�

V������� Empirical functions

In some of the models the concentration of complexing sites is identi�ed with the maximum
concentration of metal ions bound to humic substance� It is observed that this is propor�
tional to quantities like �complexing capacity� or �loading capacity�� and changes with
varying pH and ionic strength� Consequently� the complexing capacityW ��
MOU�MOU�
or the loading capacity LC ���CZE�KIM� is evaluated experimentally and used to de�
�ne the amount of humic substance available for complexation under a given set of ex�
perimental conditions� The resulting empirical functions of pH and ionic strength� i�e�
W � f�pH
 I� and LC � f�pH
 I�� are found to be non�linear in pH� but little was known
about their ionic strength dependence until recently�

Measurements are reported for the complexation of Cm�III� with humic acid in ��� M
and ����� M NaClO� at pH 
� W values of ��
 and ��� meq�g� and log�� � values of ��
 and
��� l�eq� respectively� were found by Moulin et al� ���MOU�DEC�� All other measurements
of Moulin and coworkers were carried out in ��� M electrolyte medium ��
MOU�MOU��
Additional data have been reported for the complexation of Am�III� with humic acid in
��� M and ��� M NaClO� at pH � ���KIM�BUC�� Two almost identical complexation
constants were derived from these two data sets� Almost all later investigations of Kim
and coworkers were made only in ��� M NaClO�� but the claim of the complexation
constants �being independent of ionic strength� is repeated also for other metal ions
like neptunyl and uranyl without experimental veri�cation ���KIM�SEK� �
BUC�KIM�
��CZE�BUC�� Recently� the e�ect of ionic strength on the complexation of Am�III� and
Cm�III� by humic acid was investigated at pH � ���CZE�KIM�� The ionic strength I was
varied from ����� M to 
�� M NaClO� and the loading capacity LC was found to change
with I according to LC � intercept � slope � pI � In contrast to earlier claims� an ionic
strength dependence of the complexation constants was observed which is larger than the
scatter of the experimental data�

V������� Electrostatic e�ects

All electrostatic model concepts discussed in Section V������ were developed mainly to
�correct� measured data for ionic strength e�ects� Authors of the di�erent electrostatic
models regard concomitant pH e�ects as less important� The reason for this emphasis
on ionic strength e�ects is the hope� that the �intrinsic� stability constants� Kint� of
Eq� �V���� will turn out to be independent of ionic strength �and pH� at the end of
successful modelling� so that they can be treated in the same way as the thermodynamic
stability constants� K�� of simple metal�ligand equilibria� This hope has failed so far for
two reasons�
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First� at constant pH the Gouy�Chapman �at plate model and the Donnan gel model
predict that the apparent stability constant log��K� Eq� �V����� is proportional to log�� I

log��K � const �!Z � log�� I �V����

provided that the geometric parameters of these models do not vary greatly with ionic
strength� The same relation holds for spherical models as long as the spheres have a
su�ciently large radius� The model approaches Debye�H"uckel behaviour only for small
spheres� and� under those conditions� the variation of log��K with log�� I becomes less
pronounced ��
BAR�CAB�� In general� experimental data do not behave according to
this model prediction� For example� Ephraim et al� ���EPH�ALE� modi�ed their Donnan
gel model by introducing a purely empirical �fractional contribution of end and charged
surface e�ects in the molecule� in order to explain� why they found a much smaller
variation of log��K with log�� I for protonation equilibria of fulvic acid than predicted
by the model� The same problem in copper binding data� but combined with large
ionic strength variations� was described by Bartschat� Cabaniss and Morel ��
BAR�CAB�
assuming that the protons bind to small molecules� and copper ions bind to large molecules
of the same fulvic acid sample� Their conclusion from this modelling exercise is that �if
proton and metal binding are dominated by di�erent size fractions �and this seems to be
the only way to explain the data sets�� it is futile to try to apply electrostatic information
extracted from a pH titration �such as conclusions about size and charge of molecules� to
a metal titration�� This is in marked contrast to Tipping�s Model V ��
TIP�HUR�� where
pH titration data are used to �calibrate� the model� When modelling metal complexation
data� these parameters remain �xed and only two intrinsic stability constants per metal
ion are �tted� In summary� according to ��
BAR�CAB� and ��
TIP�HUR� there are
insu�cient data available to properly evaluate ionic strength e�ects and to resolve the
above mentioned contradictions� The �intrinsic stability constants� reported by various
authors still have to be regarded as model dependent adjustable parameters rather than
�true� thermodynamic constants�

Even if this problem could be resolved� a second obstacle prevents a direct comparison of
�intrinsic� stability constants� Kint� with thermodynamic stability constants� K�� of simple
metal�ligand equilibria� As discussed by Bartschat� Cabaniss and Morel ��
BAR�CAB�
the remaining important di�erence is the reference state for the binding constants� In the
Debye�H"uckel theory the electrostatic potential 
 has a �nite value at zero ionic strength�
and this value is included in the �intrinsic� binding constant� K�� by de�ning activity
coe�cients of exactly � at ionic strength zero� In the case of the impenetrable sphere
model ��
BAR�CAB�� one also could de�ne constants that use zero ionic strength as a
reference state� However� this is impossible for other geometries� in�nite planes and cylin�
ders� for which the surface potential approaches in�nity as the ionic strength approaches
zero� Therefore� electrostatic models for macromolecules do not �subtract out� the con�
tribution at zero ionic strength� Hence� the reference state for the macromolecule is the
condition where 
 is actually zero� Then� and only then the apparent binding constant K
of Eq� �V���� equals the intrinsic binding constant Kint� In order to be able to compare
Kint values with stability constants of simple ligands� the latter have to be transformed
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to a reference state of zero potential� From a mathematical point of view� the reference
state of zero potential is reached as the ionic strength approaches in�nity� Consequently�
Bartschat� Cabaniss and Morel ��
BAR�CAB� propose to �correct� thermodynamic con�
stants� K�� with activity coe�cients calculated by the Debye�H"uckel equation at in�nite
ionic strength� Although mathematically correct� this procedure ignores the fact that
the electrostatic theory fails at high ionic strength due to the increasing importance of
non�coulombic interactions� The di�cult problems of ionic strength corrections beyond
the �Debye�H"uckel concentration range� are discussed in detail in Chapter IX� From a
practical point of view� the apparent binding constant cannot be distinguished from the
intrinsic binding constant� Kint� at su�ciently high ionic strength� What is �su�ciently
high�� In the scope of Marinsky�s gel model� an ionic strength of � M is used implicitly as
reference state ���EPH�ALE� ��EPH�BOR�� but the topic is not discussed any further�
In summary� the problem of reference states seems to be largely ignored� Apart from the
above mentioned proposals no discussion of this topic has been found in the literature
concerning humic binding models�

V����� What is the best humic binding model�

At the end of this survey of concepts and approaches to the binding of metal ions with
humic substances� the reader might like some recommendations concerning the �best�
humic binding model� Papers presenting reviews and extensive numerical testing of dif�
ferent models usually conclude that the problem of metal�humic complexation is not yet
solved in a satisfactory manner� and that a better humic binding model still waits to
be developed� This ideal model should be chemically correct� numerically accurate and
simple to use in predictive modelling� Is there any hope that we may see this ultimate
humic binding model� The answer is simply no� This unconditional no is based on the
idea that there exists a kind of �uncertainty principle� for humic binding models which
may be stated as follows�

It is not possible to achieve an accurate and simple description of
metal�humic binding�

Accurate in this context does not only mean the numerical accuracy of �tted and predicted
results� but also the chemical correctness of the conceptual model� The term �simple�
means simplicity when using the model for solving �real world� problems� This has two
aspects� the amount of experimental data needed to calibrate a model with respect to
the special problem under study� and the mathematical simplicity of the model� The
often debated issue of mathematical simplicity of a model is judged to be a problem
of decreasing importance in the age of powerful personal computers� Even the most
complicated mathematical model needs to be integrated into user�friendly software just
once� Then the user is not forced to bother with computational details anymore� On the
other hand� if a model requires many site�speci�c data that requires an elaborate time
and money�consuming e�ort to collect� the model cannot be termed �simple� regardless
of its degree of mathematical simplicity�
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The ultimate microscopic chemical model of humic bonding requires a detailed descrip�
tion of the molecular structures of site�speci�c mixtures of large but varying numbers
of natural organic compounds� To attain this level of knowledge is hardly feasible� even
in a very ambitious research program� Ignoring reality for a moment� we may dream of
reaching this utopian goal by some not yet developed experimental techniques� Then we
would end up with the most complicated humic binding models� because we would have to
redo the entire sequence of site�speci�c molecular structure determinations for each and
every case under study in order to apply this �detailed molecular binding model� in its
full beauty and accuracy� Any attempt to decrease the load of experimental work needed
to calibrate this model would lead to an �averaged molecular binding model� in which the
individual molecular features are replaced by averages within certain parameter ranges�
The prize for this decrease in experimental cost� which is a gain in terms of simplicity� is
a concomitant loss in chemical and numerical accuracy of the model�

If this �hypothetical� process of averaging of molecular properties is driven far enough�
we �nally reach the realm of the humic binding models in use today� The common feature
of these models is that they describe the heterogeneity of humic substances by empir�
ical distributions of molecular properties� The distributions are considered in terms of
distributions of equilibrium constants leading to �a�nity spectra� or �di�erential equi�
librium functions�� or in terms of molecular size distributions in�uencing �electrostatic
terms� etc�� as already discussed in the preceding sections� Compared to our hypothetical
�detailed molecular binding model� these models are already far from chemical and nu�
merical accuracy but the experimental e�ort needed to calibrate them is on the verge of
current technology� Thus� leaving utopia and coming back to reality� these �site speci�c
distribution models� are at present those of highest accuracy and �best value for invested
research money��

If we are heading towards simpler models� the process of averaging must go on� This
can be done in di�erent ways� The continuous distributions may be replaced by discrete
values� Alternatively� some sort of �averaged distribution functions� may be used� which
to a certain degree level out the heterogeneity of samples of di�erent origin� Of course�
any combination of discrete values and continuous distribution functions may be used as
well� In any case� the simplicity of the model is increased at the expense of accuracy�
Reaching the extreme case of averaging� all adjustable parameters of the humic binding
model are �xed� and we describe some sort of �global average humic substance�� Now
the simplicity is at its maximum� but the chemical and the numerical accuracy are both
very low�

In summary� there is no such thing as the �best humic binding model�� We always
struggle with the tradeo� between accuracy and simplicity� The choice of the �best
model� depends on the intention of the modeller� and the purpose of the model� In the
following� problem solving strategies are outlined for two cases� models used as research
tools� and models used as tools to assess behaviour in nature�
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V��� Problem solving strategies

V����� Models used as research tools

Scienti�c research projects on humic substances usually aim at increasing our understand�
ing of chemical features and processes governing metal�humic interactions� Within such
projects binding models are important research tools� In an ideal case� several di�erent
models may be analysed theoretically and tested by comparison with measurable quanti�
ties� Hence� experimental data may validate or refute the various model assumptions� In
an iterative process� model assumptions and experimental procedures are re�ned until a
satisfactory description of metal�humic interactions is reached� In the real world of lim�
ited funding� however� this iterative process is usually stopped by practical constraints�
In addition to economic limitations there are two other potential obstacles to progress�
First� many scientists adopt a favorite idea at some stage of their work and dwell upon
this idea in their further research� Di�erent �schools� develop this way� If these schools
tend to ignore each other instead of engaging in open scienti�c dispute� there is a real
danger that progress will be limited� Second� the result may be ambiguous if too small a
data set is used to test the various models� A typical example is found in ���CAB�SHU��
where eight di�erent models were used to analyse the experimental results of a copper�
into�ligand titration of estuarine dissolved organic matter� The metal titration was carried
out at a single �xed pH and ionic strength� As it is shown by Cabaniss� Shuman and
Collins ���CAB�SHU�� the eight models all �t this small data set well� in spite of their
being based on contradictory assumptions�

In summary� in order to achieve a deeper understanding of metal�humic binding� a thor�
ough analysis of contradictory conceptual models is needed based on large experimental
data sets� comprising di�erent metal ions with su�cient variation in key parameters like
metal concentration� pH and ionic strength� Using humic binding models as research
tools in this way leads to chemically and numerically more accurate descriptions of metal�
humic binding at the expense of simplicity� Examples of this type of research tools are the
�di�erential equilibrium function� approach of Bu�e ���ALT�BUF� designed to explore
the distribution of binding sites� Marinsky�s �uni�ed physicochemical description of com�
plexation equilibria of natural organic acids� ���EPH�ALE� ��EPH�MAR� ��MAR�EPH�
aiming at a consistent description of binding site heterogeneity and electrostatic e�ects�
the �oligoelectrolyte model� of Morel ��
BAR�CAB� emphasising the molecular size het�
erogeneity of humic substances� or models such as the recently published Non�Ideal Com�
petitive Adsorption �NICA� model ��
BEN�MIL� developed by van Riemsdijk�s group
to explore the chemical heterogeneity of humic substances with respect to competitive
binding processes�

Tipping�s Model V� �a unifying model of cation binding by humic substances�
��
TIP�HUR� ��TIP� is a research tool on the verge of being an assessment tool� The
model includes something of each of the concepts discussed in Section V��� binding site
heterogeneity� metal�proton exchange equilibria� electrostatic terms accounting for charge�
and ionic strength e�ects and counterion accumulation� In addition� metal ion competi�
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tion e�ects can be explored with this model ���TIP�� As a research tool� Model V contains
a large number of adjustable parameters� However� in order to cope with the limited ex�
perimental data available� most of these parameters are �xed at �reasonable� values� The
remaining parameters are adjusted by analysing large numbers of experimental data sets
��
TIP�HUR� ��HIG�KIN� ��TIP
� with the hope of extracting from them a data base of
�best values� de�ning a sort of �global average humic substance�� Whether this approach
will �nally result in a valuable assessment tool or not� remains to be seen�

V����� Models used as assessment tools

Assessment of metal behaviour in the environment is a task rather di�erent from basic
research� Here� the metal�humic interaction is just one feature out of many others to be
considered in assessing the behaviour of environmental systems� For example� to develop
concepts for the remediation of metal�polluted areas or to assess the performance of future
waste repositories� models which predict orders of magnitude are generally su�cient�
Of course� models predicting metal�humic interactions with higher accuracy might be
welcome� but if the amount of site�speci�c data needed to calibrate these models exceeds
a certain limit they cannot be used in assessments of environmental system behaviour�
In the case of large metal�polluted areas important geochemical parameters� like pH�
DOC and metal concentrations� may show considerable spatial variations� A time and
money�consuming experimental program to characterise in detail the properties of humic
substances in such areas is usually not feasible� if there is no convincing evidence that
humic substances have a strong impact on the environmental system behaviour� Likewise�
in the �rst phase of the performance assessment of future waste repositories� site�speci�c
data are usually scarce and imprecise� Economic constraints require a concentration of
e�orts on the main features governing the safety of the planned repository� However�
decisions on which types of data collection one should spend most time and money must
always to be made on the basis of incomplete data� A problem�solving strategy concerning
the possible impact of metal�humic interactions on the safety of a repository of toxic
chemical or radioactive waste is outlined in the following�

V������� The 	conservative roof
 approach for performance assessment

In performance assessment the ultimate goal is not to develop the most realistic model of
a system or of certain e�ects� e�g� of humic substances on metal speciation� but to estimate
the maximum negative in�uence of the process on a property of the system� such as the
safety of a waste disposal site� In other words� we are interested in a conservative� estimate

� The meaning of the term �conservative� strongly depends on the scenario �the type of physi	
cal�chemical system
 being considered� In performance assessments� we take a �conservative� es	
timate to be one that leads to an overestimate of the total concentration of a metal in the liquid
phase� leading to a maximum value for the mass being transported� If only the mobile fraction of
the humic substances is taken into account� and the total metal concentration in the liquid phase is
controlled by either the solubility of a solid phase or by sorption on mineral surfaces� an overestimate
of the amount bound to humic substances will lead to an overestimate of the amount in the liquid
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of the in�uence of humic substances on the speciation of toxic metals or radionuclides�
Therefore� it is not necessary that binding models for performance assessment re�ect every
subtle detail of metal�humic interactions� Even if they are wrong by orders of magnitude�
they may still be useful in safety analyses� as long as it can be shown that the models
overestimate the in�uence of humic substances on metal ion speciation�

Going back to the example of humic complexation with trivalent lanthanides and ac�
tinides� a synopsis of experimental data transformed to a common basis of cK values
reveals a consistent picture of the variation of cK with metal concentration and pH �Fig�
ure V���� In the range of low metal loading� cK increases with decreasing free metal
concentration and seems to approach constant values at very low metal loading� The
e�ect of pH is quite pronounced in this region �see also Figure V���� whereas in the range
of high metal loading the in�uence of pH is negligible� If we are interested in a very sim�
ple mathematical description of these data� a single site model including a metal�proton
exchange reaction would be appropriate �Eq� �V������ This model can be calibrated with
a minimum number of experimental data� ��� The site complexation capacity� SCC� is
derived from data at high metal loading in Figure V�� by applying Eq� �V����� and �
� the
exchange constant Kexch is determined at trace metal concentration �Figure V��� using
Eq� �V��
�� In both cases we adjust these parameters to reproduce maximum values
rather than mean values of the available experimental data� in order to get conservative
estimates� As a result of this procedure� the conservative estimates cover the experimental
data like a �roof�� Actually� the expression �the conservative roof� approach was born
when for the purpose of visualising Eq� �V���� a three dimensional plot of the log��

cK
surface as function of pH and log���M� was created the �rst time �Figure V�
�� All mea�
sured data are located at� or somewhat below� the surface of the conservative roof� At
trace concentration levels and in the range of high metal loading� the conservative roof is
very close to the observed experimental data� In the range of intermediate metal concen�
tration� the simplistic model overestimates the experimental data by up to two orders of
magnitude at pH � and 
� Hence� a similar overestimation is also expected at higher pH
regions of parameter space�

Because the conservative roof approach is intended for use in performance assessment�
its main feature is a conservative estimate of the metal�humic binding� Which detailed
humic binding model is used to reach this goal is immaterial� as long as it remains simple
enough to be �conservatively� calibrated with the �usually few� available experimental

phase� which is conservative� The �conservative roof� approach is based on this scenario� On the
other hand� if the total metal content in the liquid phase is limited by the amount available for
transport� i�e� if its concentration is not solubility	limited and sorption is negligible� the amount of
metal	humic binding� or of complexing with any other substances in the liquid phase� will not e�ect
the amount being transported� Likewise� if only the immobile fraction of the humic substances is con	
sidered� and the metal concentration is solubility controlled� metal	humic binding will not in�uence
the amount in solution� In both scenarios the term �conservative� is meaningless� By contrast� if the
metal concentration is not solubility limited and only the immobile fraction of the humic substances
is considered� an increase in metal	humic binding will lower the amount available for transport in
the liquid phase� An overestimate of the amount of metal	humic binding in this case will not be
conservative�
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Figure V��� A synopsis of experimental data of Eu� Am and Cm complexation with
humic and fulvic acids at ionic strength ��� M� In the range of low metal loading� cK
increases with decreasing free metal concentration and seems to approach constant values
at very low metal loading� The e�ect of pH is quite pronounced in this region �see also
Figure V���� whereas in the range of high metal loading the in�uence of pH is negligible�
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data� The example shown above is a well investigated case� For most other metals of
interest experimental data are scarce� especially at trace concentrations and at high pH�
For a sound calibration we need some data in the range of high metal loading and at trace
concentration levels�� Calibration at high concentrations alone is not enough� because the
resulting model predictions will certainly underestimate humic complexation at trace level
�and at neutral to slightly alkaline pH� by several orders of magnitude� This can easily be
seen from Figure V�
� if the calibration had been done only with data from the �island�
at low pH and high metal loadings�

Speciation calculations using any well�calibrated conservative roof model reveal the
maximum e�ect of humic substances on the speciation of toxic metals or radionuclides�
If no signi�cant in�uence is predicted by the �rst exploration using a conservative roof

� The calibration procedure proposed for �conservative roof� 	 type models� using a site complexa	
tion capacity obtained for high metal loading and adjusting an exchange constant at trace metal
concentration� is inconsistent from the viewpoint of models used as research tools which aim at a
deeper understanding of humic binding� However� for the purpose of estimating maximum e�ects of
humic binding in performance assessment any set of parameters is appropriate� as long as it ensures
a conservative calibration of the chosen model�
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Figure V�
� The �conservative roof� approach for performance assessment� A single site
model including a proton�exchange reaction �Eq� �V����� is calibrated with the exper�
imental data in Figure V��� The parameters log��Kexch � � and log�� SCC � �� are
adjusted in such a way that Eq� �V���� reproduces maximum values rather than mean
values of the available experimental data� All measured data �dark areas� are located at�
or somewhat below� the surface of the conservative roof�
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model in the pH and metal ion concentration ranges of interest� humic substances can
safely be ignored when describing the properties of the system�

However� if the particular conditions are such that the conservative roof model predicts
a signi�cant in�uence of the humic substances� the situation must be examined further� If
enough experimental data are available� a more sophisticated humic binding model may
be used� resulting in a more complicated but less conservative roof� In the �usual� case
the lack of data can be constrained by a few well designed experiments in this critical
region of the parameter space� which subsequently may also lead to a more sophisticated
conservative roof model� In both cases� limited experimental e�ort will identify and
constrain the problem� and any decision how to proceed would be based on a sound
evaluation of all available information�

Unfortunately� real world systems tend to show much more complicated behaviour than
simple laboratory systems� In performance assessment one has to consider all relevant
features and processes� not just the few thoroughly investigated in laboratory experiments�
In the following� we take some cautious steps out of the well illuminated laboratories into
the darkness of real world groundwater systems�

V������� Competition of other complexes

The interaction of metal ions with humic substances is usually treated within the scope of
equilibrium thermodynamics� Therefore� in principle� all other equilibria in the chemical
system are expected to in�uence these interactions� The predicted magnitude of the com�
petitive e�ects depends not only on equilibrium constants and the chemical composition�
but also on the binding model chosen� This model dependence of predicted competitive
e�ects represents a major di�erence from chemical equilibrium problems comprising only
small ligands� The latter problems are usually solved by classic speciation calculations
and the uncertainty of the results depends solely on the completeness and accuracy of the
set of stability constants used in the calculations� Binding models for humic substances�
on the other hand� include a number of assumptions in addition to those of the standard
thermodynamic equilibrium model� These additional assumptions� characterising the dif�
ferent binding models� cause a substantial spread in the predicted e�ects of competition�
In extreme cases� as is discussed in the following� one binding model predicts large e�ects�
whereas another model predicts no competition at all�

From the viewpoint of basic research� the discussion of competitive e�ects could stop
here with the rather general statement� �It depends�� From the viewpoint of performance
assessment� however� the situation is not without promise� Here� it is enough to demon�
strate that a certain class of competition reactions may decrease metal�humic interactions
in all cases� independent of the binding model� if competition has any in�uence at all� A
conservative binding model may then safely ignore this� if not enough experimental data
are available to include the e�ects in a proper way into the model�

In the following� the main competitive e�ects are divided into three classes� although all
of them are coupled� Direct competition of other cations� competition of other anions with
binding sites� and competition of mineral surface sites with organic binding sites� As we
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discuss these e�ects separately� a more and more complex picture of coupled interactions
will emerge�

V��������� Competition of other cations like Ca�� and Al �� with toxic metal ions

The most obvious competitive e�ect is the competition of toxic metal ions with other
cations like Ca��� Mg��� Fe��� Fe��� and Al��� These cations are major constituents
of common groundwaters and they are known to form rather stable aqueous complexes
with small organic molecules� Therefore� they have also to be considered as e�ective
competitors for the binding sites of humic substances� The predicted e�ect of varying the
concentrations of these cations on metal ion uptake by humics depends strongly on the
binding model chosen� For a single site model� which treats humic substances as similar
to small organic ligands� direct competition of� for example� Ca�� with all other metal
ions is expected� In groundwaters the concentration of Ca usually exceeds toxic metal
concentrations by several orders of magnitude� and an increase in Ca concentration may
substantially decrease the uptake of these metal ions by humic substances� If a multiple
site model is used� the predicted e�ect depends on the a�nities of the various sites for
Ca and other metal ions� In an extreme case� the humic substance may be thought of
as a mixture of highly speci�c organic ligands� some exclusively binding toxic metal ions�
others only attracting Ca� Then� the in�uence of a varying Ca concentration on the
uptake of other metal ions may vanish�

The theoretical predictions of competitive e�ects of cations thus range from very strong
to zero� The question now arises� is there any way to obtain more precise predictions� Yes�
there is� if we consider chemical systematics� especially linear free energy relationships�
For a detailed discussion of linear free energy relationships and other correlations see
Chapter III�

Again using the example of trivalent lanthanides and actinides� linear free energy rela�
tionships correlating the stability constants of small organic ligands of Eu with Al and Ca
reveal a rather consistent picture� The stability constants of Eu and Al organic complexes
are found to be of the same order of magnitude� The general conclusion drawn from this
observation is that the complexation strength of these two cations is expected to be of
comparable magnitude in humic substances as well� We do not expect grossly di�ering
a�nities for Eu and Al� even when the nature and stereochemistry of functional groups
in humic substances vary� Therefore humic binding models will not only predict direct
competition of Eu with Al� but also complexation e�ects of the same order of magnitude
for both cations� This result is experimentally con�rmed by a rather detailed study of
Eu � Al competitive e�ects ���BID�GRE�� In contrast to Al� stability constants of Ca
organic complexes are always found to be several orders of magnitude smaller than the
Eu constants� Hence� we expect a signi�cant competition of Ca only if its concentration
exceeds Eu by several orders of magnitude� In the case of multiple site models� the pre�
dicted Ca competitive e�ect may be even weaker than for the limiting case of a single
site model� The binding of Eu may be considered in a multiple site model mainly as a
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proton exchange reaction with rather strong binding sites of the humic molecule� Ca�
however� may not participate in this type of exchange reaction� due to its generally much
smaller stability constants� The multiple site model then predicts very di�erent a�nities
for the two cations and� as a consequence� no competition at all� An experimental study
of competitive e�ects of Ca with trace concentrations of Dy� another rare earth element
with similar complexation behaviour to Eu� revealed no in�uence of Ca on the Dy�humic
acid complexation up to a concentration of ����� M Ca ��
MOU�MOU
�� corroborating
the validity of our chemical reasoning�

The extent and nature of competition e�ects will be completely di�erent when con�
sidering for instance mercury instead of trivalent lanthanides and actinides� Soft cations
like Hg� Pd� Ag� Cd� Tl� Pb are expected to interact with other binding sites of humic
substances than hard cations like Ca and Al� Hence� very weak or no competition at all
is predicted between these di�erent classes of metal ions by chemical reasoning� For a
detailed discussion of qualitative features of complex formations reactions� including the
classi�cation of soft and hard metal ions� see Chapter III�

V��������� Competition of other anions like CO��
� with humic binding sites

In contrast to competition by cations� competition by anions like CO��
� � F�� SO��

� or PO��
�

takes place in an indirect way� The model dependence of this e�ect is also less obvious
than in the case of cations� It is shown in the following that the predicted competition of
anions with organic binding sites depends on the type of complexes assumed to be formed
in the binding model�

If the cations are assumed to form only binary complexes with humic substances� the
competition of anions remains to a large extent in the realm of classic mass action and
mass balance equations� For example� at constant toxic metal concentrations� increasing
concentrations of anions and� thus� increasing formation of metal�anion complexes� cause
decreased metal binding by humic substances�

This e�ect may be bu�ered to some extent by a concomitant increase of the complexa�
tion of anions with other competing metal ions� which in turn in�uences the competition
of these metal ions for the humic binding sites� The closed circle of mutual interactions
of thermodynamic equilibria is shown schematically in Figure V���

An additional bu�ering e�ect arises from the heterogeneity of the humic binding sites�
At trace concentrations of metal ions� an increase in anion concentration decreases the
metal loading of humic substances� With decreasing metal loading� the stronger binding
sites of the humic substances predominate� which in turn weakens the anion competi�
tion� The prediction of this second bu�ering e�ect strongly depends on the chosen humic
binding model�

If the binding model for humic substances includes mixed or ternary complexes in
addition to binary complexes� the predicted in�uence of anion competition becomes more
complicated� The formation of ternary complexes can be envisioned either as the uptake
of metal�anion aqueous complexes by humic substances� or as the binding of anions to
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Figure V��� Schematic representation of competitive e�ects in metal�humic binding mod�
els� The closed circle of competition of other anions with humic binding sites� combined
with cation competition� Competing metal�ligand equilibria are indicated as solid lines�
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metal cations which are already bound by humic substances� The in�uence of ternary
complexes is schematically shown in Figure V�� as bent lines� connecting humics� toxic
metal ions� and anions� and connecting humics� competing cations� and anions�

Ignoring ternary complexes in modeling natural groundwater systems may lead to sig�
ni�cant underestimation of metal�humic complexation� Why� The two most powerful
complexing anions in common groundwaters are hydroxide and carbonate� Whereas the
pH e�ect cannot be excluded when studying complexation in aqueous systems� most
studies are undertaken in carbonate free environments� If binding models are calibrated
with data measured in carbonate free systems� and subsequently applied to groundwa�
ter systems with high carbonate concentrations� strong competition of metal�carbonate
complexes is predicted� In reality� however� the e�ect of anion competition may be sig�
ni�cantly weaker than predicted due to the formation of ternary metal�carbonate�humic
complexes� As a result� the e�ects of metal�humic complexation are underestimated in
the presence of carbonate� The formal inclusion of ternary complexes in humic binding
models� the available experimental results and a possible general treatment of these e�ects
��
GLA�HUM� are discussed in Section V���
�
�
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Figure V��� Schematic representation of competitive e�ects in metal�humic binding mod�
els� The closed circle of competition of other anions with humic binding sites� combined
with cation competition� In addition to Figure V��� the in�uence of ternary complexes
is shown as bent lines� connecting humics� toxic metal ions� and anions� and connecting
humics� competing cations� and anions�
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V��������� Competition of mineral surface sites with binding sites

Interactions of metal ions with surface sites� usually summarised as sorption phenomena�
are important mechanisms of metal retention in the geologic environment of a repository
for toxic chemicals and radioactive waste� Competition of the surface sites with binding
sites of humic substances should therefore be discussed in terms of reducing metal ion
sorption by complexation with humic substances� In order to emphasise the importance
of surface phenomena� the mineral surface sites are placed in the very center of the sketch
of metal ion interactions �Figure V���� On the other hand� as the interaction of humic
substances is the topic of our present discussion and not sorption phenomena on mineral
surfaces �which are discussed in detail in Chapter VII�� we will focus on humic substances
and treat surface sites as competitors for humic binding sites�

If interactions of humic substances �HS� with mineral surface sites �Surf� are neglected�
then �pure inorganic� sorption remains as competitive e�ect �Figure V���� The competing
equilibria RN�HS and RN�Surf are shifted towards RN�Surf by increasing the strength of
surface interactions and�or increasing area of active mineral surfaces� This type of indirect
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Figure V��� Schematic representation of competitive e�ects in metal�humic binding mod�
els� Competition of mineral surface sites with humic binding sites� Sorption of toxic
metals on surface sites� organic coating of mineral surfaces and the formation of ternary
metal � humic � surface complexes is shown�
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competition is very similar to the competing e�ects of anions� as already discussed� if
only binary complexes are considered� The resulting binding models� however� are more
complex than models dealing with humic substances only� They should include surface
complexation and ion exchange to account for interactions of metal ions with humic
substances and surface interactions at the same time�

If humic substances sorb at surface sites� they may form an organic coating on the
mineral surface� This coating may signi�cantly alter the sorption capacity of the immobile
phase� In the hypothetical case of �pure� coating� sorption decreases because parts of the
active mineral surface sites are not accessible to metal ions any more� due to the organic
coating� On the other hand� the coating itself is expected to interact with metal ions in the
same way as humic substances in solution� but now forming immobile ternary complexes
of the type RN�HS�Surf �Figure V���� Compared with the scenario of a �pure� organic
coating� sorption of metal ions increases again due to the formation of ternary complexes�
In addition� a second type of ternary complexes� HS�RN�Surf� may be formed �Figure V����
where the humic substance is �glued� to mineral surfaces via metal cations forming bridges
between humic binding sites and surface sites� This type of ternary complexes can be
envisioned as sandwich structures� The net e�ect of organic coatings and formation of
immobile ternary complexes on the sorption of radionuclides is hard to predict� It depends
on the ratio of the complexation strengths of radionuclides with organic binding sites and
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Figure V��� Complete sketch of mutual interactions of toxic metals� humic substances�
other cations and anions� and mineral surface sites� Straight lines indicate binary inter�
actions� whereas bent lines represent ternary complex formation�
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surface sites� and is in addition expected to show a strong pH dependence� If both� the
humic acid molecule and the mineral surface are negatively charged� weak interaction is
expected due to strong electrostatic repulsion� Strong interaction may only occur within
a pH region where the mineral surface is positively charged and the humic molecule still is
su�ciently deprotonated� In addition� competing cations and anions further complicate
the picture� as shown in our �nal sketch of competition e�ects �Figure V����

Many of the more complex interactions� schematically shown in the center of Figure V���
are expected to predominate only within very limited ranges of pH and component con�
centrations� The most prominent competitive e�ect� sorption of metal ions by mineral
surface sites� may signi�cantly reduce the uptake of these metals by humic substances�
An experimental study investigating the uptake of Am by silica colloids in the presence of
humic and fulvic acids corroborates this qualitative prediction� This study showed that
the humic substances control the cation behaviour in solution leading to a strong decrease
of the retention by the inorganic binding sites ��
MOU�MOU
��

V������� Application of laboratory data in performance assessment

In the following� the major e�ects in�uencing metal�humic interactions are summarised
from a performance assessment point of view� It is assumed that �average� laboratory
data concerning metal�humic binding are used to calibrate the binding models which
subsequently are used as assessment tools in a �conservative roof� approach� Plus signs


��



Binding Models for Humic Substances

indicate an increase of metal�humic interaction with respect to binding models calibrated
with the �average� laboratory data� If these topics are ignored in humic binding models�
the in�uence of humic substances on metal speciation may be underestimated� Minus
signs indicate a decrease of organic interactions and may thus cause an overestimation of
humic binding if ignored in the model structure�

��� Metal concentration Binding models calibrated with standard metal
titration data alone tend to grossly underestimate
metal�humic interaction when applied to trace metal
concentrations in real world assessments�
Experimental data at trace concentration level are
needed to properly calibrate any humic binding
model�

��� pH e�ect Major in�uence of increasing pH is expected on
metal�humic complexation at trace concentration
levels of metal ions� In addition to data gathered
in the acidic region� experimental data in the
neutral and alkaline pH region are needed in order
to calibrate humic binding models properly�

�� Ternary complexes Formation of ternary complexes consisting of metal
ions� humic binding sites� and small anions may
increase the in�uence of humic substances at high
concentrations of these anions� compared with
predictions of binding models ignoring ternary
complexes� Mixed complexes with carbonate may be
important in certain groundwaters� Therefore� at least
some rough estimates about the possible formation of
ternary complexes with carbonate are necessary�

� � Organic coating Organic coating may reduce the concentration of
soluble humic substances and�or may immobilise
metal ions by �gluing� them to surfaces� Metal
uptake by humic substances in solution� may therefore
decrease or increase somewhat� The e�ects
are expected to be limited to certain pH and
concentration ranges� They may be neglected as
second order e�ects as long as only the order of
magnitude of metal�humic interactions has to be
assessed�
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� � Ionic strength Increasing ionic strength in general decreases
metal�humic interactions� Most available experimental
data refer to an ionic strength of ��� M� Binding
models calibrated with such data will slightly
overestimate metal�humic interactions in more saline
waters� Thus� a �conservative roof� approach using
binding models which do not explicitly treat ionic
strength e�ects should be calibrated with low ionic
strength data� As the ionic strength of common
groundwaters rarely drops below ���� M� data
measured in this range can be used�

�� Competing anions Complexation of metal ions by inorganic and small
organic anions is the realm of NEA TDB reviews�
Including this type of competition in humic binding
models requires complete and properly reviewed
thermodynamic data of small ligands�

��� Competing cations Competing cations may decrease the in�uence of
humic substances on toxic metal complexation� The
predicted e�ects of cation competition are strongly
model dependent� In the absence of reliable
experimental data for calibration of humic binding
models� cation competition can be neglected for
conservative estimates of the in�uence of humic
substances in performance assessment�

��� Sorption Sorption is the main topic in performance assessment
of the behaviour of trace metals in the environment of
a repository� Sorption on mineral surface sites may
decrease the uptake of metal ions by humic substances�
In order to predict e�ects of metal�humic interactions
on sorption� such models have to be included in humic
binding models� As long as the two �elds of modeling
are not coupled� sorption e�ects can be neglected for
conservative estimates of the in�uence of humic
substances in performance assessment�

We conclude our review of humic binding models by presenting some scoping calcu�
lations of humic complexation with trivalent lanthanides and actinides� the illustrative
example used throughout this chapter�
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Figure V���� Scoping calculations of humic complexation with Eu at trace concentration
level� The surface represents the concentration of humic substance �in log�� g�l� necessary
to bind ��# of the total dissolved metal by humics� The surface is calculated as a function
of pH and pCO�

at ionic strength ��� M�
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The speciation model of Eu � humic complexation comprises�

� the binary Eu � humic binding represented by the �conservative roof� �Figure V�
��
which takes account of the e�ects of metal concentration and pH�

� a maximum value for the ternary Eu � humic � carbonate complexation constant�
represented by K� of Eu � carbonate complexes as discussed in Section V���
�

�Eq� �V�
���� and

� the complexation of Eu by hydroxide and carbonate� the major competing anions
in groundwater�

The concentration of humic substance �g�l� necessary to complex ��# of the total con�
centration of Eu is shown in Figure V��� as a function of pH and pCO�

at I � ��� M�
At low pH and low pCO�

there is no competition of Eu hydroxide or Eu carbonate
complexes� In this range of the pH�pCO�

parameter space the observed increase in com�
plexation strength with increasing pH �Figure V�
� causes a concomitant decrease in
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humic substance concentration needed to complex ��# of Eu� Note� that in a region of
the parameter space where anion competition and the formation of ternary complexes is
negligible� a simple relation between cK and �HS�total of Eq� �V��� holds

log���HS�total � log���n����� � n��� log��
cK �V����

where n is the percent of total concentration of metal complexed by the ligand� � � n �
����

The decrease in humic substance concentration with increasing pH proceeds until at
pH � � and low pCO�

Eu hydroxo complexes act as competitors� or� in the region where
both pH and pCO�

increase� the Eu carbonate complexes dominate and Eu hydroxo com�
plexes become minor species� In these ranges a dramatic increase in humic substance
concentration is required to maintain ��# Eu � humic complexation�

If the three�dimensional surface of Figure V��� is projected onto the pH�pCO�
plane�

contour plots can be drawn� as is shown in Figure V���� In addition� pH�pCO�
data

derived from almost ���� Swiss groundwater analyses are added� As can be seen in the
contour plot� all groundwater data cluster along the iso�concentration line of ���� g�l
humic substance with a maximum spread of � one order of magnitude�

Ionic strength variation has a signi�cant in�uence on the Eu � humic complexation
strength� According to Ephraim� Marinsky and Cramer ���EPH�MAR� and our own
experimental results� an increase of one order of magnitude in cK is observed when the
ionic strength decreases one order of magnitude� This e�ect is re�ected in a signi�cant
shift of the iso�concentration lines in Figure V��� at low pH� However� ionic strength e�ects
are very small in the pH�pCO�

range of groundwaters� as the concomitant variations of
humic and carbonate complexation constants with ionic strength are in the same direction
and of the same order of magnitude� resulting in an almost zero net e�ect�

Competition by other cations is not included in the scoping calculations of Figure V����
No in�uence of Ca was observed by Moulin et al� ��
MOU�MOU
� on the complexation
of humic acid with trace concentrations of lanthanides up to a concentration of ����� M
Ca� Thus� only in Ca�rich groundwaters some �weak� in�uence of Ca competition on Eu
� humic substance complexation is expected� Al is known to exhibit complexation e�ects
of the same order of magnitude as Eu ���BID�GRE�� whereas Fe�III� is expected to form
much stronger complexes with humic substances than Eu� Both cations therefore may
act as powerful competitors to Eu in acidic surface waters at pH � 
� However� in the
pH region of groundwaters strong hydrolysis of Al and Fe�III� may prevent both cations
from playing any role as competitors to Eu � humic substance complexation�

In summary� our scoping calculations indicate that the complexation of trivalent lan�
thanides and actinides with humic substance in groundwater can be considered in per�
formance assessments as independent of pH� pCO�

and ionic strength� Competition by
other cations is expected to be very weak� and thus� a conservative estimate of humic
complexation e�ects shows that a concentration of ���� g�l �or � ppb� of dissolved hu�
mic substance is su�cient to dominate the speciation of trace concentrations of trivalent
lanthanides and actinides in groundwater�
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Figure V���� Contour plot of the concentration of humic substance �log�� g�l� necessary
to bind ��# of the total dissolved Eu� The solid lines show projections of the log��
�humic substance� levels in Figure V��� at ionic strength ��� M� The dashed lines are the
analogous contour lines at ionic strength ���
 M� The symbols correspond to pH and pCO�

values of almost one thousand Swiss groundwater analyses�
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Chapter VI

Metal Ion Binding by Humic

Substances

James H� EPHRAIM Bert ALLARD
Department of Water and Department of Water and
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S���� �� Link�oping �Sweden� S���� �� Link�oping �Sweden�

VI��� Introduction

Ionic interactions in natural waters are signi�cantly in�uenced by the presence of natural
organic acids which constitute a mixture of di�erent molecules with varying size� contain�
ing di�erent functional groups ���STE�	 The present methods of extraction are used to
divide these natural organic acids into two major categories
 hydrophobic and hydrophilic
acids	 The terms hydrophobic or hydrophilic are de�ned by adsorption or non adsorption
onto XAD�� amberlite resins� respectively ���THU�MAL� 
�MAL� 
�PET�	 Recent ad�
vances have shown that the hydrophobic properties increase with a decrease in pH while
their hydrophilic properties increase with an increase in pH ���AIK�MCK� �
EPH�BOR�	
Molecular size variations and their correlations with other parameters� i�e�� acidity� �u�
orescence� and turbidity have prompted researchers to postulate that these substances
have fractal properties �
�OST�MOR� 
�SEN�	 The solution chemistry of these organic
acids� though not well understood� has aroused the interest of many researchers� e�g	
���GAM� ��GAM�UND� ��PER�REU� ��MAR� ��EPH�ALE� 
�BAR�CAB�	 Compli�
cating factors in�uencing their solution chemistry have been identi�ed as the functional
group heterogeneity and the heterogeneity in the molecular size and shape leading to ionic
strength e�ects ���EPH�ALE� 
�WIT�RIE� 
�TIP�HUR� 
�WIT�RIE� 
�EPH�PET�	

The role that natural organic acids may play in the distribution and mobility of the
trace metal ions in surface and ground water systems can be anticipated by examining
their interactions with metal ions in the presence and absence of solid�particulates of
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geologic origin �
�EPH�ALL�	 Fulvic and humic acids are normally used to represent
natural organic acids in laboratory studies ���SCH� �
PER�� as a complement to �eld
studies	 These acids which are hydrophobic at lower pH �� �� are the predominant
species among the natural organic acids which sequester metal ions in solution �
�BUR�	

In this Chapter� the de�nition of natural organic acids �with emphasis on humic and
fulvic acids�� their isolation and characterisation methods� their interaction with metals�
their redox properties and the methods of data acquisition and analyses will be presented	
Additionally� implications with regard to nuclear waste management and recommenda�
tions will be provided	

VI��� General overview

Humic and fulvic acids are de�ned as �a class of ubiquitous� biogenic� heterogeneous
organic acids which do not belong to a known class of compounds� ���STE�	 An intrinsic
problem with this de�nition is the lack of uniqueness	 It must be emphasised that the
characteristics of any humic or fulvic acid sample depend primarily on the method of
isolation�extraction	

These substances contain both Br�nsted �proton�donating� and functional groups com�
posed of hydrogen�bonding moieties� e�g�� carbohydrates �
�PER�GJE�	 The genesis of
humic substances is envisaged to include processes like microbiological metabolism� min�
eralization� abiotic oxidation� photochemical processes� adsorption� precipitation and re�
polymerization �
�PER�GJE�	

In an attempt to promote inter�laboratory checks and collaboration� the International
Humic Substances Society �IHSS� in �
�� adopted a standardized method of isola�
tion�extraction of humic substances ���AIK�MCK�	 However� a number of other methods
of isolation are also described in the literature	 Irrespective of the isolation methods�
humic and fulvic acids seem to have certain general characteristics� i�e�� the presence of
oxygen�containing functional groups� e�g�� �COOH� phenolic and enolic �OH� quinones
and semi�hydroquinones� nitrogen�containing functional groups� �RNH�� and sulphur�
containing functional groups� �RSH	 The presence of these functional groups is responsi�
ble for their high a�nity for metal ions and other trace components in the environment
���STE�	

The concentrations of humic substances in surface and ground waters depend on the
concentration of total organic acid� TOC� which may be divided into particulate form and
dissolved organic carbon� DOC	 The separation of particulates from the dissolved organic
carbon has normally been e�ected using �lters with an arbitrary cut�o� of �	�� micron	
The DOC in surface waters in the US has an average of � mg C � l�� ranging from �	�
to �� mg C � l�� �
�MAL� with approximately ��� of humic substances	 The DOC in
groundwaters have concentrations ranging from � to � mg C � l��	 A generalization of
these data is that the concentration of humic substances in aquatic environments range
from �� �g � l�� in groundwaters to �� mg � l�� in surface waters ���THU�MAL�	
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VI����� Isolation and extraction of humic substances

The primary objective of any isolation�extraction procedure is to obtain a sample which
is identical to the original material	 The isolation is made to facilitate the laboratory
studies needed to obtain information about the material and to understand and predict
its behaviour in the environment	 Various methods of isolation of humic substances in
both aquatic and terrestrial environments have been developed to obtain samples that
are free from contaminants� mainly metal�ions ���THU�MAL� ��MIL�TUS� ��PLE�JOS�
��GRE�POW� 
�MAL� 
�PET� 
�PET�EPH�	 However� there is a school which believes
that the samples obtained by the various isolation methods may be chemically di�erent
from the non�isolated material	 Hence� their studies of natural organic acids have utilised
samples which have not been extracted �
�MAE�ELE�	

The isolation�extraction proceedures are slightly di�erent for material from terrestrial
and aquatic environments	 In the terrestial environment� the procedure commonly used
is alkali extraction ���STE�	 In aquatic systems� the isolation consists of obtaining the hy�
drophobic and hydrophilic portions of the dissolved organic carbon �DOC� and determin�
ing the fractions which are acidic� basic and neutral� respectively	 The method adopted by
the IHSS� i�e�� the XAD�� method� seems to be widely used by researchers ���THU�MAL�	
However� a draw�back of this method is that it requires the addition of HCl to the water
samples in order to reduce the pH� to render the fulvic and humic acids hydrophobic �so
they can adsorb on XAD���	 Addition of HCl has been avoided in an alternative method
where diethylaminoethyl �DEAE� cellulose has been employed to isolate the organic acids
at their natural pH� before subsequent adsorption on XAD�� resins �
�PET�	 There are
arguments as to the similarity of the samples obtained from direct addition of HCl cum
XAD�� adsorption and DEAE cellulose cum XAD�� adsorption methods	 However� com�
parisons of humic substances extracted from various origins with diferent methods seem
to indicate that these substances have much in common �
�PET�EPH�	 Another method
of isolation of humic substances from aquatic environments involves the successive ultra�
�ltration of water sample through membranes of varying cuto� sizes� i�e�� ��� ���� �� ���
and � ��� daltons � �
�PEU�PIH�	

VI����� Characterisation methods

Humic and fulvic acids are characterised by using various analytical methods� such as
elemental analysis� NMR� FTIR� UV�visible� etc	 A considerable number of analytical
methods have been employed in e�orts to obtain a complete structure for fulvic and
humic acids	 These physicochemical methods also include ultracentrifugation� viscosity�
colligative property measurements� light scattering techniques� gel chromatography and
electrophoresis ��
HAY�MCC�	 Despite the advances in the state�of�the�art� structures
for humic and fulvic acid have not been obtained	 By using information on the reactive
functional groups� elemental analysis potentiometric titration results and other chemi�
cal analyses ���SCH�KHA� together with known restrictions on the conformation� it is

� One �dalton� is one atomic mass unit� conversion factor to grams is �������� ������
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Figure VI	�� Structure of fulvic acid as proposed by Schnitzer and Kahn	 Reprinted with
permission from ���SCH�KHA�	

possible to deduce reasonable structure models for humic�fulvic acids �see Figure VI	��	
Such an exercise has been performed for an aquatic fulvic acid ��
EPH�BOR� and the

postulated structure for the fulvic acid shown in Figure VI	� is not very di�erent from
those proposed by earlier researchers ���FLA� ��KON� ��SCH�KHA� ��HAR�BOR�	 The
extent of aromaticity is much lower� re�ecting the origin of the fulvic acid from an aquatic
environment	

Isolation of humic substances from aquatic environments normally yield small quanti�
ties of material� thus the selection of characterisation method is of vital importance	 The
criteria for the selection should be the attainment of maximum information through the
employment of a minimum amount of sample	 In a recent attempt� UV�visible� elemental
analysis� total organic acid� potentiometric titrations and molecular weight determina�
tions were considered an appropriate combination for the realisation of this requirement
�
�PET�EPH�	 In such an exercise� it was concluded that fulvic acids extracted from
di�erent origins have large similarities	

Information obtained from the application of the various physicochemical analytical
methods may be summarised as follows�

�	 Humic substances are acidic and their acidity is primarily due to �COOH and
phenolic or enolic �OH functional groups ���RAS�KIN� ��SCH� ��PER�REU�
��SAI�HAY�	 Numerous attempts have been made to di�erentiate between the �
COOH and �OH groups ���STE�	 However� the most important parameter determin�
ing their properties in the aquatic environment is the total titratable acidity �which
may or may not be a combination of the �COOH and �OH� ���GAM� ��GAM�
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Figure VI	�� Hypotetical structure of Bersbo aquatic fulvic acid based on elemental anal�
ysis and potentiometric titrations in aqueous and non�aqueous media	
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��GAM�SCH� ��PER� �
PER� ��PER�REU� ��GIL�RIL� ��STE� ��PER�LYT�	
The titratable acidity is considered to be the value which the humic substance will
exhibit under normal environmental conditions ���EPH�ALE�	 This does not pre�
suppose that only the titratable acidity will be involved in the complexation with
trace metals and other low�molecular weight species	 For �� aquatic fulvic acid sam�
ples isolated from a variety of geographical locations �Sweden� Canada� Germany�
USA� an average titratable acid capacity of ��� meq � g�� of sample was obtained
�
�PET�	 The range of acidity was �	� to 
��� meq � g��	 These results are signif�
icantly lower than the corresponding values quoted for soil fulvic acids� where the
average is ��� meq � g�� and the range from �	� to ���� meq � g�� ���STE�	

�	 Fulvic acids are smaller than typical polyelectrolytes� e�g�� poly�metacrylic acid�
PMA ���TAN�� and heterogeneous with respect to molecular size ��
HAN�SCH�	
The average molecular weight� Mn� for a number of aquatic fulvic acids is ���� �
��� daltons with a range from ��� to ���� daltons �
�PET�EPH�	 These molecular
weight distributions were determined via the use of gel �ltration chromatography�
which is normally considered to give higher values than the vapour pressure os�
mometric measurements ��
HAN�SCH� 
�MAR�RED�	 The average value of Mn

����� daltons� compares well with other reported values for fulvic acids ���STE�
��AIK�MCK�	 The number�average molecular weight� Mn� is expressed as�

Mn �

P
niMiP
ni

where ni is the number of molecules with molecular weight Mi	 The weight�average
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Figure VI	�� One�electron step reactions rationalising the redox properties of humic sub�
stances �Adapted from �
�SEN��	
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molecular weight� Mw� is correspondingly expressed as�

Mw �

P
wiMiP
wi

where wi is the total weight of molecules with molecular weight Mi	 The ratio of
Mw�Mn is equal to � for monodisperse materials and Mw�Mn � � for polydisperse
substances ���SCH�KHA� ��STE� 
�PET�EPH�	

VI����� Redox properties of humic substances

Humic substances have been observed to reduce oxidised forms of certain metal ions�
examples of which are Fe�III� to Fe�II�� Hg�II� to Hg���� V�V� to V�IV� and also I� and
I�� to I� ���SKO�WIL� ��WAI�MOR�	 From EH�pH measurements� the following half�cell
reaction for a particular fulvic acid was suggested�

FAred � FAox �mH� � e�

with a potential of � ��� V �vs	 NHE� ���SKO�WIL�	 This potential will di�er for di�erent
fulvic acid samples	 The redox properties of humic substances have been attributed to
the presence of phenols� quinones and semi�hydroquinones in the humic molecule and has
been rationalised by one�electron redox reaction in solution as shown in Figure VI	�	

The redox properties of humic substances have been studied using EPR� ESR and
M�ossbauer spectroscopy ���SEN�CHE� ��GOO�CHE�	 The oxidation of humic substances
is very rapid as indicated by redox titrations with iodine and by photometric detection
of the reaction with potassium ferricyanide �
�MAT��	 The reaction was found to be
complete within �� hours	
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VI��� Solution chemistry of humic substances

The solution chemistry of these natural organic acids is not fully understood even though
considerable advances have been made over the past decade	 This short�coming is a
consequence of a combination of factors� such as�

� the absence of a unique structure of humic substances�

� the variation in the methods of isolation and extraction�

� the absence of speci�c analytical methods suitable only for humic substances	

The complex nature of these compounds has made it necessary to develop simpli�ed
models to describe them and their chemical properties	 The �rst problem with modelling
lies with the manner in which they may be conceptualised	 A study of the literature
reveals the following examples�

�	 Strongly associated aggregates of acids� each of comparatively low molecular weight
���WER�	

�	 An assemblage of identical �mean fulvic acid� units
 a fulvic acid unit is a hypothet�
ical macromolecule that contains one or more distinct classes of acidic functional
groups ���SPO�HOL�	

�	 An oligoelectrolyte �intermediate between simple ions and true polyelectrolytes�
composed of impenetrable charged spheres �
�BAR�CAB�	

�	 An assemblage of relatively small amphiphilic moieties which are slightly di�erent
but composed of four to �ve predominant separate acidic sites� with each site charac�
terised by a distribution of acidity constants round an average value �
�EPH�RED�	

VI����� Proton interactions with humic substances

The concepts enumerated in previous section have led to the development of two major
types of models� namely the discrete ligand approach and the continuous distribution
approach	

VI������� Discrete ligand models

In the discrete ligand approach� the observed protolytic and metal binding behaviour has
been attributed to a limited number of predominant sites	 Additionally� an electrostatic
term has normally been employed to estimate the deviation from ideality in the polyelec�
trolyte as a result of the change in the electrostatic free energy of the macromolecule caused
bu group�group interaction accompanying the ionization process	 A literature survey re�
veals that four sites are normally employed to account for the observed acid�base proper�
ties ���SPO�HOL� ��EPH�ALE� ��GRE�POW� �
EPH�BOR� �
EPH�BOR��	 However�
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a number of researchers have employed three sites ���TIP�BAC� 
�TIP�RED� 
�FAL�	
Five sites ��
EPH�BOR� and six sites ���PAX�WED� 
�PAX�WED� have also been used
to describe the observed potentiometric behaviour of fulvic acids	 The absence of a com�
prehensive method for estimating site�to�site interactions has resulted in their exclusion
from the discrete ligand approach	 In the school of discrete ligand approach� there exists
subtle di�erences in the method of estimating the electrostatic e�ects� and the number of
sites necessary to describe experimental results	 Examples of the discrete ligand models
used in the literature are given below	

VI��������� Tipping�s model V

Ion binding by humic substances� which is described in terms of complexation at dis�
crete sites� is postulated to be modi�ed by electrostatic attraction and�or repulsion and
non�speci�c binding due to counterion accumulation �
�TIP�HUR� 
�TIP�	 In the model�
variations in apparent binding strengths of the major proton�dissociating groups ��COOH�
phenolic �OH� are described by using an electrostatic model involving a negative frame�
work and counter�ions	 Eight proton�dissociating sites are envisaged and the metal bind�
ing is postulated to occur either at a single proton�dissociating site �monodentate� or in
a bidentate fashion	 Electrostatic corrections are made using the expression e�wzZ � where
z is the charge on the cation� Z is the net charge on the humic framework� w is the
electrostatic interaction factor obtained from the following�

w � P log�� I

where I is the ionic strength� and P is an adjustable parameter �
�TIP�	 Additional
counterion concentrations in the di�use layer of the humic molecule are calculated using
Donnan expressions �
�MAR� with the volume of the di�use layer� VD calculated by�

VD �
�

����
��NA

�Mw

���
r �

�

KDH

��
� r�

�

where NA is Avogadro s number� Mw is the humic molecular weight� r is the radius of the
humic molecule� and KDH a Debye�H�uckel parameter which depends on the ionic strength
and is a measure of the di�use layer	 The humic molecule is considered as a rigid sphere
to permit the application of the Debye�H�uckel model	

Tipping s model V contains seven adjustable parameters for �tting proton dissociation
and two parameters additionally for each cation that can bind at the acid�dissociating
sites �
�TIP�HUR� 
�TIP�	

VI��������� The oligoelectrolyte model

In the recent oligoelectrolyte model �
�BAR�CAB�� humic substances are again repre�
sented as impenetrable spheres and the electrostatic e�ect is calculated using approxima�
tions of the nonlinear Poisson�Boltzmann equation	 The �local� concentration of metal

���



Solution chemistry of humic substances

ion near the charged polyions� �Mz��loc� is related to the concentration of the metal ion in
the bulk solution� �Mz��� as follows�

�Mz��loc � �z �Mz��

where the electrostatic factor� �� is given by�

� � exp
�
�F!�

RT

�
�VI	��

where !� is the electrostatic potential at the surface of the sphere� F is Faraday s constant�
R is the universal gas constant and T the absolute temperature	 The electrostatic factor
can also be interpreted as a ratio of polyion activities when the aqueous components are
di�usible into the polymer network� just as in the case of Donnan equilibrium �
�MAR�	
The model consists of a total of �� parameters which may be reduced to 
 �
�BAR�CAB�	
This model was successfully employed to explain pH and copper titration data by consid�
ering two copper binding sites and an additional acidic site	 The authors claim that the
model is simplistic and minimises the number of arbitrary �tting parameters	 That much
emphasis is placed on just data��tting is a disadvantage of the model	

VI��������� The Gibbs�Donnan polyelectrolyte two phase model

New advances in the description of proton and metal ion binding by humic substances
have been made by the adaptation of an approach originally designed for synthetic pol�
electrolytes to humic substances ���MAR�RED� ��MAR�RED�� ��MAR� ��MAR�RED�

�MAR�	 The approach which is based on the Gibbs�Donnan equilibrium �ts into the
discrete model category	

In typical polyelectrolyte solutions� the intrinsic microscopic acid dissociation constant
of the repeating functional group HA is de�ned by�

K intr
a � aH��surf�

�
�

�� �

�
�VI	��

where aH��surf� represents the activity of the hydrogen ions at the charged surface of the
polyelectrolyte while �� the degree of neutralization� is an experimental quantity	 The
activity of the hydrogen ion in the bulk solution aH�� the other experimental quantity� is
related to aH��surf� by the Boltzman expression�

aH��surf� � aH�e
�F��RT �VI	��

where ! is the di�erence in potential between the charged polymer surface and the bulk of
the solution� F is Faraday s constant� R is the universal gas constant and T is the absolute
temperature	 Incorporation of Eq	 �VI	�� into Eq	 �VI	�� gives the following equation��

pK intr
a � pKapp

a � ������F!�RT � �VI	��

� In this Chapter the �p� nomenclature is widely used� pK	 pH	 pM	 etc�	 are symbols for � log��K	
� log�� aH� 	 � log�� aM	 etc�
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where pKapp
a is de�ned as pH� log������� � ���	

Thus for typical polyelectrolytes� a plot of pKapp
a versus � extrapolated to � � � �!

approaches zero as � approaches zero� for any ionic strength gives the intrinsic constant�
pK intr

a 	 The e�ect of ionic strength upon such a plot comes from its in�uence upon the
value of ! as � is varied	 With crosslinked polyelectrolytes �gels�� the pH inside the gel
is not accessible to direct measurements	 Hence� a study of the polyelectrolyte properties
of weakly acidic gels has to be based upon the pH of the external solution phase in
equilibrium with the gel phase	 These properties have been observed to be a sensitive
function of the water content of the gel �which depends on the �exibility of its matrix�
and the ionic strength of the aqueous medium	 At equilibrium� during each step of the
potentiometric titration of a weakly acidic polymer gel� HA� in the presence of a simple
background electrolyte� MX� the chemical potential� �� of the di�usible components� HX�
MX and H�O are equal in both phases�

�HX�aq� � �HX�gel�

�MX�aq� � �MX�gel�

�H�O�aq� � �H�O�gel�

where �aq� and �gel� identify respectively the aqueous solution and the gel phases	 By
assuming that the chemical potential in isothermal systems may be divided into two terms�
one of which depends only on the composition and the other on pressure� the � of each
component i �i � HX� MX� H�O� in a solution of ionic strength I � �MX� and under a
pressure p is given by

�i�p� I� � �i�p
�� I� � �p � p��Vi �VI	��

where p� is the standard pressure� � bar� and Vi is the partial molar volume of component i	
Vi might be assumed to be independent of composition and pressure without introduction
of signi�cant error	 The activity� ai� of the ith component is de�ned by

�i�p
�� I� � ��i �p

�� � RT ln ai �VI	��

where �i is the chemical potential of the ith component in the standard state	 Combination
of Eqs	 �VI	�� and �VI	�� yield the following�

�i�p� I� � ��i �p
�� �RT ln ai � �p� p��Vi �VI	��

The chemical potentials of MX and HX in each phase are thus given by

�HX�aq� � ��HX�aq� �RT ln aHX�aq� � �p� p��VHX�aq�

�HX�gel� � ��HX�gel� �RT ln aHX�gel� � �p � p��VHX�gel�

�MX�aq� � ��MX�aq� �RT ln aMX�aq� � �p � p��VMX�aq�

�MX�gel� � ��MX�gel� �RT ln aMX�gel� � �p � p��VMX�gel�
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For the system described above� the equilibrium expression for the reaction

HX�gel� � MX�aq� �	 HX�aq� � MX�gel�

is

RT ln

�
aHX�aq� aMX�gel�

aHX�gel� aMX�aq�

�
� " �VMX�aq� � VHX�aq��

� ��HX�gel� � ��MX�aq� � ��HX�aq� � ��MX�gel� �VI	��

where " is the osmotic coe�cient� which is equal to �p� p�� as expressed in Eq	 �VI	��	
By choosing the same standard state in the gel and solution phases for the reacting

components� the sum on the right hand side of Eq	 �VI	�� is zero� and assuming that the
" �VMX�aq��VHX�aq�� term is small enough to neglect� the following expression is obtained�

ln

�
aHX�aq� aMX�gel�

aHX�gel� aMX�aq�

�
� �

By the substitution of the product of single ion activities� this equation may be expressed�

aH� aX� aM��gel� aX��gel�
aH��gel� aX��gel� aM� aX�

� �

where cancellation of activities yields the following�

pM� pH � pM�gel�� pH�gel� �VI	
�

The value of pM and pH are experimentally measureable or calculable in these systems

the concentration of M� in the gel phase� pM�gel�� is also accessible since to preserve elec�
troneutrality in the gel during neutralization with standard base� the concentration of M�

must be at least equal to the concentration of the deprotonated form of the gel� �A��gel��
�except for the relatively very small quantity of H��gel� present�	 The concentration of
A� �the deprotonated form of the gel� is calculable from the stoichiometry of the neutral�
ization reaction and the measured volume� Vg� of the gel�� while �MX�gel�� can either be
determined experimentally or estimated with the following equation��

�MX�gel�� � �A��
�

�MX�gel�� � �MX�� �VI	���

Incorporation of Eq	 �VI	
� into the Henderson�Hasselbach equation �pKa � pH �
log��f���� � ��g� yields�

pKapp
a � pK intr

a � pM� pM�gel�

where pKapp
a is the negative logarithm of the apparent dissociation constant of the weak

acid repeated in the polyelectrolyte and pK intr
a corresponds to its intrinsic �thermody�

namic� constant	 The di�erence between polyelectrolyte gels and their linear analogs is

� All concentrations in the gel phase have units of� mol � 
l of gel����
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Figure VI	�� Stages of the Gibbs�Donnan based program as adapted to metal�humate
systems	
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due to a di�erence in charge distribution	 The separate well�de�ned phases of the gel�
salt systems are electroneutral� the counterion enriched domain and the solution external
to it in the linear analogs are not	 The negative charge due to the fractional release of
counterions from the polyelectrolyte domain is balanced by the equal positive charge they
produce in the aqueous solution phase ���MAR�RED�	

An important advantage of the Gibbs�Donnan two phase model derives from the capa�
bility it provides for separating the perturbations due to ionic strength e�ects and func�
tional group heterogeneity ���EPH�ALE� �
EPH�BOR�	 Figure VI	� shows the various
stages of the program used in the application of this approach to metal�humate systems
�
�EPH�RED�	

In the literature� humic substances are normally considered as spheres or cylinders
�
�WIT�RIE� 
�BAR�CAB� 
�TIP�HUR� 
�WIT�RIE� 
�WIT�RIE��� but such a priori
assumptions are avoided in this model	 Instead� experimental data �aqueous titrations as
a function of ionic strength� are used to obtain insight into the con�guration of the humic
substances in solution	

In the discrete ligand models� attempts are made to correct for perturbations of the
measured concentrations of counterions� e�g�� H� and Mz�� by using the electrostatic
term� exp��F!�RT �	 Such electrostatic terms are normally calculated by assuming that
the humic substances are spherical to allow the use of the proper form of the Boltz�
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man distribution �
�WIT�RIE� 
�BAR�CAB� 
�TIP�HUR� 
�WIT�RIE�	 However� in
the Gibbs�Donnan model� this term which is expressed as a counterion concentration
term� is determined experimentally ���EPH�ALE� �
EPH�BOR� 
�EPH�RED�	 In the
adaptation of the Gibbs�Donnan model to humic substances the chemistry of the humic
substance as a ligand is emphasized	 The stages of the approach are presented in the
following paragraphs	

Based on the assumption that humic substances are composed of four to �ve separate
acidic moieties� the potentiometric titrations are interpreted at the ionic strength where
separate phase e�ects are minimal	 The steps involved in assigning pKa�i values to the
envisaged acidic moieties are presented below�

�	 Four to �ve �average� sites and their respective abundances are estimated from
nonaqueous titrations and titrations in presence of increasing amounts of Cu�II�
and Eu�III� or La�III�	

�	 Initial guesses of their pKa�i values are made	

�	 The degree of neutralization of each of the envisaged �average� sites� �i� is computed
using the following equation�

�i �
�
� � ���pKa�i�pH�

�
��

�VI	���

for the �critical� bulk electrolyte concentration	 The �critical� bulk electrolyte
concentration is the concentration after which no ionic strength e�ects are observed
on the pKa vs	 degree of neutralization� � curve �determined to be I � ���� M�
���EPH�ALE�	

�	 Steps � and � above are changed until the following relationship is achieved�X
��ifi� �� �computed

�� �experimental �VI	���

or the residual j�computed��experimentalj
� reaches a minimum for the set of data points	

In Eq	 �VI	���� �i is the degree of ionization for each acid site� fi is the fraction of the
total acid capacity due to the ith site �determined in aqueous titrations�� �computed

and �experimental are the overall computed and experimental degree of neutralization�
respectively ���EPH�ALE� �
EPH�BOR�	

Details of the application of this model to the description of the solution chemistry
of humic substances are presented elsewhere ���EPH�ALE� �
EPH�BOR� 
�EPH�PET�	
Examples of site heterogeneity assignments to a number of fulvic acid samples achieved
by the application of the Gibbs�Donnan model are shown in Figure VI	�� where it is
apparent that a large fraction of fulvic acids have a pKapp

a values under �	� suggesting
�COOH functionality which is corroborated by the good agreement between aqueous acid
capacity and the �COOH capacity in non�aqueous titrations �
�EPH�PET�	 The assign�
ment of site heterogeneity facilitates the design of experimental methods with the aim of
elucidating the functionality spectrum in the humic substance molecule ��
EPH�BOR��

�ARS�BOR�	

��
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Figure VI	�� Site heterogeneity assignments to a number of fulvic acid �FA� samples�
f�percentage of each acid site� a � Armadale FA ���EPH�ALE�
 b � Fanay�Aug#eres FA
�
�PET�EPH�
 c � Suwanee River FA �
�EPH�RED�
 d � Bersbo FA ��
EPH�BOR�

and e � Finnsj�on FA ��
EPH�BOR��	
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VI��������� An example of the Gibbs�Donnan Approach to Humic Substance Systems

In all of the models employed to describe proton and metal ion binding to humic sub�
stances� the need to make electrostatic corrections to the measured experimental parame�
ters� H�� Mz�� are of utmost importance	 For the proton� this correction term is obtained
by the relationships in Eqs	 �VI	��� �VI	��� and �VI	��	

The assumption in the Gibbs�Donnan approach is that with subsequent increase in ionic
strength� I� the electrostatic contribution to the pKapp term decreases until I reaches a
�critical value� where further increase in I has no e�ect on the pKapp �I � ��� M�	 In the
Gibbs�Donnan approach� the electrostatic term is designated $pK de�ned as�

$pK � pKapp � pKintr � �������F!�RT �

An example of the approach as employed to Laurentide fulvic acid �
�MAT�EPH� is
shown in Figs	 VI	� and VI	�	 In Fig	 VI	�� the pKapp vs	 the degree of neutralization is
shown for the �ve di�erent ionic strength �I � ������ �	��� �	��� �	�� �	� M�	 Note that the
curves for I � ��� and ��� M are superimposed indicating that the critical ionic strength
has been reached	 In Fig	 VI	�� the electrostatic term �designated $pK� as de�ned in
the above equation� is shown as a function of degree of neutralization for the three ionic
strengths� �	���� �	�� and �	�� M	

The heterogeneity factor obtained from non�aqueous titrations and titrations in the
presence of Cu�II� and La�III��Eu�III� is thus employed in conjunction with Eqs	 �VI	���
and �VI	��� to obtain the predominant acidic moieties in the humic substance	 An ex�
ample of the exercise as applied to the Laurentide fulvic acid �
�MAT�EPH� is shown in
Table VI	�	

VI������� Continuous distribution models

In the continuous distribution model� the properties of the various sites are assumed to
overlap� thus justifying the use of statistical methods for their estimation	 Variations of
these models� discussed in Chapter V are presented brie�y below	

� The a�nity distribution model ���SHU�COL� ��BUF�ALT� 
�WIT�RIE�

�WIT�RIE� 
�WIT�RIE��	 In the application of the continuous distribution model
to the acid�base properties of natural organic acids �humic and fulvic acid�� the
overall acidity is factored into two where a lower pKa value� normally around �	��
represents the carboxilic distribution� while a higher pKa value� normally around

	�� represents the phenolic distribution �
�WIT�RIE� 
�WIT�RIE��	 This division
yields an equivalent result as in the discrete approach by considering two major
acidic sites	

� The normal distribution model ���PER�LYT� ��PER�PAR�	 The Gaussian distribu�
tion model has been employed to distinguish a two ligand mixture from a continuous
distribution of ligands ���PER�LYT�	
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Figure VI	�� Plot of pKapp
a versus � �the degree of neutralization� for Laurentide fulvic

acid as a function of ionic strength �note� data at I � � and � M are exactly superimpos�
able�	
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� The di�erential equilibrium function model	 A continuous distribution of sites is
assumed where the macroscopic binding functions are interpreted in terms of the
microscopic binding constants ���GAM�UND� ��ALT�BUF� ��GAM�LAN�	

VI������� Discrete models versus continuous distribution models

The choice of which model to employ in the description of metal�humate interactions
depends on the objective of the data analysis	 The discrete ligand approach is easily
adapted to experimental data using graphical methods ���FIT�STE� and as such amenable
to the prediction of metal�humate interactions by incorporation into existing chemical
speciation computer programs� e�g�� FITEQL �
�HER�WES�	 The disadvantages of the
discrete ligand model are that the identi�ed ligands may not be representative of the
actual binding sites in the humic substance� the di�culty to extend it outside the range
of calibration and the tendency to underestimate metal humate interactions at very low
metal ion concentration ���DZO�FIS�	

Whereas the continuous distribution models probably approach the complexity of nat�
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Figure VI	�� Variation of the Donnan potential term� 
pK� with the degree of neutral�
ization of Laurentide fulvic acid at three di�erent ionic strengths	 The curves have been
obtained from the experimental data in Figure VI	�	
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ural organic acids� their shortcoming is their inability to describe and predict the se�
questering of metal ions	 It has been argued that a continuous distribution model serves
primarily as a �rst step towards identifying the most probable distribution of the acidic
functionalities in natural organic acids ���DZO�FIS�	 In e�ect� the application of the a�n�
ity distribution model �
�WIT�RIE� 
�WIT�RIE� is intrinsically similar to the discrete
model when applied to humic substances �
�BAR�CAB� 
�TIP�HUR�	

VI����� Models for the interaction of metals with humic	fulvic acids

While both the discrete ligand and continuous distribution models recognise the hetero�
geneous multiligand nature of humic substances� their di�erences lie in the modelling of
the substances and thus their approach of describing their interaction with metal ions
���DZO�FIS�	

In situations where very little is known about the nature of humic substances� an
�average� approach may be employed	 An example of such an �average� approach is
presented later in this chapter where the e�ect of humic substances on the speciation of
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Table VI	�� Comparison of experimentally based overall degree of dissociation� ��exp� of
Laurentide fulvic acid in �	�� M NaNO� with the summation of computed contributions
of �ve di�erent acid sites to overall degree of dissociation� ��calc	

Acid Site pK int
a�n

Acid Site Acid Moiety
Identity Abundance	 An

� ��	 ���� Carboxylic
� ��� ���� Carboxylic
� 
�� ����
 Carboxylic

 ��� ���
 Alcoholic OH
� ��� ����� Alcoholic OH

��calc �
P
�nAn

pH ��A� ��A� ��A� ��A� ��A� ��calc ��exp

��
�
 ����
 ����
 ���

 ����� ����� ����
 �����
����� ����� ����� ����� ����
 ����� ����� �����
����	 ����� ����
 ����� ����
 ����� ���

 ���
�
��	�� ����	 ���		 ���	� ����� ����� ���	� ���	�
��
�� ����
 ���
� ���
	 ����
 ����� ����
 ����

����� ����
 ���
� ����	 ����� ����� ����� �����

��	
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���
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 ����� ��
	� ��
	

��
�� ����� ����� ����� ����
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Eu�III� in the environment is anticipated	
In both the discrete ligand and continuous distribution models� a mass�action parameter

equivalent to the overall complex formation function� �ov� is calculated as follows�

�ov �
%�M�b�i

�Mz�� �M exp
�
�F�
RT

�
%�A�

i �
�VI	���

where %�M�b�i is the sum of the concentrations of metal bound to all active sites
 �Mz��
is the free metal ion concentration
 �M is the single ion activity coe�cient of the metal
ion under study
 exp��F!�RT � is the electrostatic term �
�WIT�RIE� 
�BAR�CAB�

�TIP�HUR� 
�WIT�RIE� 
�WIT�RIE�� and

P
�A�

i � is the concentration of the dissoci�
ated portion of the fulvic acid molecule �
�EPH�RED�	 The model for the electrostatic
term in the expression for �ov for systems with metal ions has been recently questioned
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�
�BAR�CAB�	 However� for systems with trace quantities of metal ions� i�e	� very high
ligand to metal ion ration� the choice of the electrostatic term will introduce very small
errors	

The overall complex formation function� �ov� is not a thermodynamic quantity describ�
ing the various binding patterns to the various complexing sites	 However� it can be used
to compare� on a macroscopic level� results obtained from di�erent experimental tech�
niques ���TUS�BRE� �
EPH�XU�	 Additionally� the overall complex formation function
can be used in the three component system� metal ion � inorganic oxide � humic sub�
stances� to quantify the in�uence of humic substances on the adsorption of metal ions on
such oxides ��
XU�EPH�	

VI������� Discrete ligand models

This approach considers the humic substance as a heterogeneous multiligand� which could
potentially bind metal ions both with and without the release of protons	 The extent of
proton release is a direct function of the pKa of the acid and the free energy of complex
formation� $rG

�

m	 The overall equilibria may be described by considering each acid site
to bind at most one metal�ion as follows�

S�i � Mz� �	 SiM
�z��� �VI	���

This representation implies that at equilibrium� each active site� Si� forms the �complex�
SiM	 All these �species� are in equilibrium with each other and their relative concentra�
tions are determined by their respective free energy of complexation� $rG

�

m�SiM�	 It is
necessary to note that in this model� site�to�site interactions have not been incorporated�
not because they do not exist� but rather because there is no method available for their de�
termination	 Combination of this bonding model with the acid�base properties as de�ned
by the discrete ligand model ���EPH�MAR� �
EPH�MAR� 
�TIP�RED� 
�TIP�HUR�

�BAR�CAB� yields the following expression�

�

M

�� � 
M�

�
�

�HA�TOT
�

nX
i��

�
BBBBB	

�ifi

� �
�H�� exp

�
�F�
RT

�
Ki

� �i�Mz��f
�
exp

�
�F�
RT

��z



CCCCCA

where 
M is the fraction of metal bound� �HA�TOT is the total titratable acid in the system�
�i is the complex formation constant for reaction �VI	���� fi is the fraction of the ith site�
Ki is the acid dissociation constant of the ith site� and exp��F!�RT � is the electrostatic
term which is obtained from potentiometric titrations of metal�free systems	

The binding of copper by a well characterised aquatic fulvic acid has been successfully
described by this model �
�EPH�ALL�	 Furthermore� the various ways of bonding of
Cu�II� in a soil fulvic acid have been suggested recently� following a modi�cation of an
earlier algorithm which takes the functional group heterogeneity existent in the fulvic acid
���EPH�MAR� 
�MAR�RED� into account	 In both cases mentioned above� stability
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constants reported for the interaction between Cu�II� and the acid group postulated to
be present in the fulvic acid have been employed	

The prediction of proton and metal ion binding to humic substances under di�erent
environmental conditions has also been made using with Tipping s model V �
�TIP�HUR�

�TIP�	 By using two types of acid groups� a good �t is obtained for the binding of copper
by fulvic acid	

VI������� Continuous distribution models

The Gaussian distribution model has been adapted to take competition between di�erent
metal ions into account �MINTEQA�� and employed to describe the binding of Al�III� and
Cu�II� by humic substances �
�ALL�PER�	 An improvement in the model performance is
obtained when both carboxylic and phenolic sites are incorporated into the calculations	

The a�nity distribution model has also been extensively used to describe metal�humate
interactions	 A two pKa model for the competitive binding of metal ions to humic sub�
stances �
�WIT�RIE�� has been modi�ed to a non�ideal competitive adsorption model
�NICA� to describe the binding of H�� Cd�II�� Cu�II�� and Ca�II� to humic substances
�
�BEN�MIL�	 To e�ect a satisfactory prediction of the experimental results� two classes
of acidic functionalities are employed � the �rst with a median pKa of �	��� is assumed
to be a carboxylic acid group� while the second with a median pKa of 
	��� could refer to
phenol� alcohol and enol� groups	

VI������� Factors a�ecting the overall complex formation function

The overall complex formation function as expressed by Eq	 �VI	��� assumes a ���
complex between the metal ion and the humic ligand	 This assumption does not
take the functional site heterogeneity of the humic substance molecule into consider�
ation �
�NOR�EPH� 
�EPH�ALL�	 The overall complex formation function is a�ected
by ionic strength� pH� temperature� ratio of metal ion to humic substance and ex�
perimental method ���BRE�GRA� �
BER�KRA� ��LI�VIC� ��ALB�GIE� ��TUS�BRE�
��GAM�MAR� ��BUF�ALT� ��BUF� �
EPH�XU� 
�EPH�	

The e�ect of pH on the overall complex formation function for Eu�III� has been
found to be method dependent �
�EPH�	 For example� while a pH dependence of the
overall complex formation function was observed for the Eu�III��fulvate system studied
by the ion exchange distribution method� no such variation was observed using the ul�
tra�ltration technique �
�EPH� 
�NOR�EPH� 
�NOR�	 Application of laser�induced �u�
orescence �
�BID�GRE� and laser�induced photoacoustic spectroscopy �
�KIM� gave a
complex formation function which was not strongly dependent on pH in the range inves�
tigated	 It must be pointed out that in both studies �
�BID�GRE� 
�KIM� bu�ers were
employed while the other studies were made in the absence of bu�ers	

The e�ect of ionic strength on metal�humate interactions may be illustrated by the ratio
of metal bound to free metal for the Eu�III��fulvate system �Figure VI	��	 A higher ratio
of metal bound to free metal is obtained at a lower ionic strength ��	�� M NaClO
� than at

���



Solution chemistry of humic substances

the higher ionic strength ��	�� M NaClO
�	 For the Eu�FA system� log����M�b��Mz��������
log����M�b��Mz������ is � ��� log�� units using the ion exchange distribution technique�
while the corresponding di�erence for the ultra�ltration method is � ��� log�� units	 A
theoretical value of � log�� units di�erence is expected �as log��������������	 The fact that
$ log����M�b��Mz���I��������� is �	� instead of the theoretical value of � has been attributed
to the small size of the fulvic acid molecule �as compared to typical synthetic polymers�
and the functional group heterogeneity existent in the fulvic acid ���EPH�ALE�	 However�
the values indicate that the ion exchange distribution method yielded values much more
sensitive to ionic strength e�ects� while the results of the ultra�ltration method were
less sensitive to such e�ects �
�NOR�EPH�	 The discrepancy between these observations
may be attributable to the di�erences in the experimental methods	 In the ion exchange
distribution method� the reactions involve an exchange of Eu�III� for Na� in the resin	
This reaction is strongly in�uenced by the ionic strength as shown by plots of log��D�

versus log�� aNaCl	 D� is the distribution coe�cient of Eu�III� in absence of fulvic acid�
and aNACl is the activity of the bulk electrolyte ��
EPH�MAR�	 In the ultra�ltration
method� �ltration under pressure is e�ected under conditions where the bulk electrolyte
has a retention coe�cient of zero for the membrane	 Hence� the e�ect of the ionic strength
on the ratio of metal bound to free metal is expected to be minimal since the dependence
of free metal determination on the bulk electrolyte concentrations is very small	

VI������� Competitive binding of various metal ions to humic substances

Di�erent metals have di�erent a�nities for di�erent ligands ���STU�MOR�	 Metals have
been classi�ed using their a�nity for the �rst ligand atom of each periodic group �i�e�� F�
O� N� or with a later member of the group �e�g�� I� S� P�� cf	 Chapter III	

A�type metal cations have inert gas type �d�� electron con�guration and are normally
visualised as hard spheres whose electron shells are not easily deformed	 Examples of such
metal cations are H�� Li�� Na�� K�� Be��� Mg��� Ca��� Sr��� Al��� Sc��� La��� Si
��
Ti
�� Zr
�� and Th
�	

B�type metal cations are visualised as �soft spheres� with low electronegativity and
high polarizability� e�g�� Cu�� Ag�� Au�� Tl�� Ga�� Zn��� Cd��� Pb��� Sn�� Tl��� Au���
In��� and Bi��	 While class A�type metal ions prefer ligands having oxygen as donor
atoms and F� class B�type metal ions coordinate preferentially with bases containing I� S�
or N as donor atom� cf� Section III	�	�	� and Figure III	� on p���	

The competitive binding of various metal ions to humic substances must recognise the
acceptor properties of the metal ion and the functional group heterogeneity in the humic
substances �
�TIP�	 Various experimental evidence suggest that the humic substances have
su�cient number of sites to bind di�erent metals simultaneously	 For example� in com�
petive binding studies involving Eu�III� and Sr�II�� Eu�III� and Al�III� and Fe�II��Fe�III�
it has been observed that in all instances� the binding of Eu�III� by an aquatic fulvic
acid was not signi�cantly a�ected by Sr�II�� Al�III� or Fe�II��Fe�III� �
�NOR�	 Copper
binding by fulvic acid has also been observed not to be a�ected by Ca�� ���HER�MOR�	
These observations seem to suggest that metal ions need not compete for the same sites
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Figure VI	�� Ultra�ltration �UF� and ion�exchange distribution studies �IEDS� of the
Eu�III��FA system ��FA� � ��� mg � l��
 �Eu�III�� � ����� M�	 Variations of the fraction
metal bound� Mb� to free metal� Mf� with changes in pH as a function of ionic strength	
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in the fulvic�humic acid molecule as long as there are enough sites on the humic molecule
compared to the total available metal ions	

VI����� Data needs for modelling the role of humic substances

The need for accurate and reliable data in modelling cannot be overemphasised	 Esti�
mates of the concentrations of humic substances in soils� surface water and ground water
are the �rst important data required to predict their role in the distribution of trace com�
ponents ���THU�MAL� ��STE�	 After determination of the total concentrations� e�g��
as milliequivalent carbon per liter� one must estimate the functional groups concentra�
tion	 Typically� this is made by acid�base titrations of the humic substances ���GAM�
��GAM� ��ARA�KUM� ��DEM�OME� ��EPH�ALE� 
�BON�FIS�	 Since environmen�
tal conditions span a range of ionic strengths� it is always necessary to perform such
titrations as a function of ionic strength and over a range of humic substance concen�
trations ���EPH�ALE� �
EPH�BOR�	 Comparison of potentiometric titrations of surface
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and groundwater fulvic acid samples show that the e�ect of ionic strength on the pKapp
a

versus � �degree of neutralization� curves di�er for di�erent fulvic acid samples �
�NOR�

�PET�EPH�	 Such e�ects generally depended on the molecular weight of the sample�
but for samples with the same molecular weight the ionic strength e�ects were more pro�
nounced the more polydisperse the sample �
�NOR�	 The lesson from these observations is
that it is not appropriate to calculate electrostatic corrections based on molecular weight
alone unless the dispersity in the molecules is included	

Potentiometric titrations of a number of fulvic acids isolated from di�erent origins ���
samples� have been performed at di�erent ionic strengths and compiled �Figure VI	
�	
The interesting feature of the Figure is the range of the variation of pKapp

a versus � for all
the fulvic acids at three ionic strengths ��	���� �	���� �	��� M NaClO
�	 At each de�ned
degree of neutralization� the di�erence between the highest and lowest pKapp

a values is
� �� with the largest di�erence at lower degrees of dissociation �Figure VI	
�	 Such data
indicate that despite the functional site heterogeneity in the humic substance molecules�
some cautious generalizations may be made of their acid�base properties	 For example�
when modelling the role of humic substances on the distribution of metal ions in the
environment� a �rst approximation could be made by selecting the pKapp

a value at ���
dissociation to be � �������	 Figure VI	
 may be considered as an attempt to determine
the upper and lower boundaries of pKapp

a versus � curves for humic substances under
typical environmental conditions	

The active functional groups in humic substances may be identi�ed and�or esti�
mated using chemical derivatization techniques �
�ARS�BOR� and spectroscopic methods�
e�g�� FTIR� NMR ���RUG�SCI� �
RUG�INT� ��DER�MOR� ��GIL�WIL� ��HAT�BRE�
��PRE�SCH� ��GIL�WIL�	 It is suggested that a combination of derivatization� spectro�
scopic and potentiometric titration techniques must be made to obtain a comprehensive
picture of these substances ��
EPH�BOR��	

The methods employed in metal binding studies are based on the determination of
the concentrations of the components at equilibrium �free metal� free ligand or metal�
ligand complex� without disturbing the equilibrium	 Metal�humate studies ought to be
conducted with concentrations of both ligand and metal ions which resemble those en�
countered in the environment	 This requirement makes it imposible to use a number of
experimental techniques	 It has been suggested that metal�humate studies should be made
using more than one experimental technique in order to identify the possibility of di�erent
reaction �windows� ���CAB�SHU� ��TUS�BRE� �
EPH�XU� 
�EPH� 
�NOR�EPH�	 If
two di�erent experimental methods are used to study the same reaction� then the inter�
action parameters �log�� �ov� must be the same within the estimated uncertainty range
���FIS�MOR�	

Studies of metal interaction with humic substances must be conducted at more than one
ionic strength in order to describe how changes in bulk electrolyte concentrations which
may occur in the environment �e�g�� saline waters in marine environments� in�uence the
metal�binding �
�EPH�ALL�	

There is a need to compile potentiometric titration and metal�humate binding data to
facilitate the meaningful generalizations which are necessary when modelling metal�ion
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Figure VI	
� Acid�base titration curves �pKapp
a versus �� for �� di�erent aquatic fulvic

acid samples at di�erent ionic strengths ��	��� �	�� ans �	��� M NaClO
�	 Visualise the
curve as providing the upper and lower boundaries for the titration curves for the �� fulvic
acid samples �
�EPH�PET�	
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interactions with organics in the environment	

E�orts to incorporate humic and fulvic acid complexation into existing chemical equilib�
rium models or speciation codes must begin with the de�nition of their concentration	 In
absence of an easily determined molecular weight� concentration determinations have been
made using either equivalent per litre �eq � l��� or gram per litre �g � l��� �
�MOU�CAC�	
Since most equilibrium constants employed in the speciation codes �FITEQL� PHREQEE�
are expressed as l �mol��� it would be more convenient to express the parameter describ�
ing metal�humate interactions in similar units	 Such an option will thus demand that the
acid capacities of a large number of humic and fulvic acids be determined �equivalents
per gram of humic material� to facilitate the choice of a representative mean value �a
function of the origin of the humic substances� ���STE� 
�PET�EPH� which can be used
to convert the unit g � l�� into eq � l��	 Since protons are the basis for the potentiometric
titration measurements� the eq�l�� units are the same as the molar units which are usually
employed in speciation computer programs	 An example of initial estimates that may be
made to anticipate the e�ects of humic�fulvic acids on the speciation of trace metals in
the environment is presented in Section VI	�	
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VI������� Review of studies on interactions between humic substances and metal ions

Metal�humate interactions have been studied for a long time employing various experi�
mental methods	 A brief presentation of some of them are given in this Section	

VI��������� Anodic stripping voltammetry

This method which has been used for studying the interaction between humic substances
and metals ions �Cd��� Cu�� and Zn��� utilises the possibility to determine the free metal
ion in the presence of the humic substance ���SHU�WOO� ��BUF�VUI�	 The method is
based on the fact that the rate of reduction of the free metal ion is very rapid� while the
rate of dissociation of the metal�humate complex is much slower	 The possible dissociation
of the metal�humate complex and�or the humic material is a major disadvantage of this
method	

VI��������� Fluorescence spectroscopy

Even though only a small fraction of humic substances exhibit �uorescent properties� the
method is employed for studies of metal�humate interactions especially involving paramag�
netic transition metal ions such as Cu��� Fe��� Fe��� Co��� Ni�� and Cr�� ���SAA�WEB�
��RYA�HOL� 
�SEN�	 Additionally� the �uorescent properties of selected metal ions� e�g��
Eu��� have been utilised in Eu�III��fulvate system �
�BID�GRE�	

VI��������� Equilibrium dialysis

The utilisation of membranes of varying sizes to separate free metal ions from the ligand
and complex has found considerable use	 The drawback of the method is the possible sorp�
tion of species onto the surface of the dialysis membrane ���TRU�WEB� ��RAI�WEB�
��CAR�	

VI��������� Ion�selective electrodes

The availability of speci�c electrodes for a number of metal ions has allowed the in situ
determination of free metal ion concentrations in metal�humate mixtures	 The metal
ions for which ion�selective electrodes have been developed include Cu��� Pb��� Ca�� and
Cd�� ���BUF�GRE� ��STE� ��BRE�GRA� ��GAM�UND� ��SAA�WEB� ��TAK�YOS�
��EPH�MAR� ��FIT�STE� ��TUR�VAR� ��TUR�VAR� �
EPH�XU� 
�EPH�ALL�	 Re�
cent developments of electrodes for lanthanides and actinides have met with serious draw�
backs because of the narrow pH range in which they show Nerstian behaviour	 Another
disadvantage of these electrodes is the possible poisoning of the electrodes by humic sub�
stance coatings of the electroactive membrane of the electrode� leading to serious errors
���FIS�MOR�	
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VI�������
� Ultra�ltration

The separation of species on the basis of their size is employed in the ultra�ltration method
where the fulvic acid molecule and the complex are separated from the free metal ion
���SMI� ��STA�BUF� ��BUF�STA� ��STA�BUF� 
�EPH�MAR� 
�EPH�	 Precautions
needed for the method include avoiding low�molecular weight fragments �ltering through
the membrane� and possible dissociation of the metal�humate complex	

VI��������� Gel �ltration chromatography

A method generally employed for size evaluation is adapted for metal�humate studies
���MAN�RIL� ��MEA�CRE� ��HIR�	 The metal ion concentrations associated with the
separated sizes �fractions� are determined� thus allowing a determination of the fractions
mostly involved in the binding	 Cu��� Zn��� Mn�� and their interactions with humic acids
have been studied using this method	

VI�������
� Solvent extraction

The e�ect of humic substances on the partition of metal ions in an aqueous and non�
aqueous medium is employed to determine formation functions for metal�humate com�
plexes ���TOR� ��TOR�CHO�	 Metal ions may be employed both at macro or micro�
concentration levels� i�e�� ���� to ���� M� or ���� to ����� M for radioisotopes� e�g��
���Eu� ���Cd� ��Zn� etc	

VI��������� Ion exchange distribution

An indirect approach is employed to estimate the ratio of metal bound to free metal
���SCH�	 Such an approach has found a useful application in studies involving humic
substances and metal ions like Co��� Zn��� Eu��� Cd�� ���SCH�SKI� ��ARD�STE�
��ZUN�GAL� �
EPH�MAR� 
�EPH� 
�NOR�EPH�	

VI��� Modelling example� speciation of Eu�� in the environment in presence

of humic substances and Ca��

It must be noted that �real� systems do contain other substances in addition to humic
substances� e�g	� inorganic colloids and particulates� low molecular weight organic and
inorganic substances� microorganisms such as fungi and bacteria� etc	 Since all the mod�
els discussed in this chapter are based on laboratory data from binary systems� their
application to �real� systems may be questioned	 In the models discussed� the interac�
tion between metal ion� humic substances and geologic solids such as FeOOH� alumina�
etc	 has not been considered� and such ternary equilibria are known to in�uence the dis�
tribution and mobility of trace metal ions in the environment	 The question then is �
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what are the bene�ts of these models& The clear advantage of the models is that they
use accepted �knowledge�� e�g	� Debye�H�uckel� Boltzman Distribution� Gibbs�Duhem free
energy considerations� to describe the solution chemistry of humic substances	 In all the
models� the important objective has been to adapt these to the humic substance systems
and verify how well they may be described and�or predicted	 The models provide the
�basic knowledge� needed to facilitate the description of real systems	

In the light of the above discussion� our example of the possible e�ect of humic sub�
stances on the distribution and mobility of Eu�� has used an �average� approach	 The
assumptions and parameters estimates employed are listed below and in Table VI	�	

a� the average acid capacity for humic substances ��� FA samples� � ��� meq � g��

b� average pK�����
a �from composite Figure VI	
� � ���

c� pCO� � ������ bar	

Depending on the concentrations of the humic substances� three scenarios have been
used	 In the �rst� all dissolved organic acid� DOC� in surface water is assumed to be
humic substances	 This assumption� gives the highest concentration of humic substances	
The second scenario designates all the DOC in ground water as humic substances while
the third option considers ��� of the DOC in groundwater systems �� mg � l��� as humic
substances	

The concentration in meq � l�� is obtained from the concentration in mg � l�� multiplied
by the average acid capacity of ��� meq � g��	

Typical concentrations of dissolved organic carbon in �surface� waters is less than or
equal to � mg � l��� while those for groundwater are less than � mg � l�� ���THU�MAL�	
In surface water systems ��� of the DOC is considered to be humic substances� while in
the groundwater environments only ��� is humic substances� as determined by their ad�
sorption characteristics on XAD�� resins	 The average concentrations of Ca�� determined
in ground and surface water are ������ and �����
 ���STU�MOR� p�����	 The objective
of the exercise is to estimate the role of organic acids in the speciation of the tervalent
metal ion� e�g�� Eu�III� with a concentration of ���
 M in an aquatic system	

The following �� species� excluding solids� biota and colloids� have been considered in
the model calculations�

Ca�II�
 Ca��� CaOH�� Ca�OH���aq�� CaHCO
�
� � CaCO��aq�� CaA�aq�

Eu�III�
 Eu��� EuOH��� Eu�OH��� � Eu�OH���aq�� EuHCO
��
� � EuCO�

� �

Eu�CO��
�

� � Eu�CO��
��
� � EuA�aq�

Humic acid
 HA�aq�� A�� CaA�aq�� EuA�aq�

Carbonate
 CO��
� � HCO�

� � H�CO��aq�� CaHCO
�
� � CaCO��aq�� EuHCO

��
� � EuCO�

� �
Eu�CO��

�

� � Eu�CO��
��
� �

To simplify the situation� only the �rst hydroxide complexes and the carbonate com�
plexes are considered for Ca�II� and Eu�III�	 In both surface and ground water environ�
ments� it has been assumed that the system may be considered similar to an aqueous
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carbonate system open to the atmosphere with constant CO��g� pressure	 As a result the
CO��

� concentration may be calculated at each pH using the relationship�

�CO��
� � � K�K�KH

pCO�
�H���

where K�� and K� are the �rst and second dissociation constants of the acid H�CO��aq��
KH is Henry s Law constant and pCO� is the pressure of CO� ���STU�MOR� p	��
�����	
The various values employed in this example are� K� � ������� K� � ��������� KH � ������

and pCO� � ������ bar	
The concentrations of the di�erent species were calculated using the material balance

for the various components� i�e�� Ca�II�� Eu�III�� humic acid and carbonate� and the
charge balance	 The material balance considerations for the three major substances�
humic substance� HA� calcium� and europium are given in the following equations�

HA � A� � CaA � EuA �	 HAT

Ca�� � Ca�OH�� � CaCO� � CaA �	 CaT

Eu�� � Eu�OH��� � Eu�CO��
� � EuA �	 EuT

For Ca�� and Eu��� the following general expression may be used� provided only binary
complexes are formed�

Mz� � Mz�

total��� �
X

�jLj�

where j is the complex and Lj is the ligand of the complex� Mz� is the free metal concen�
tration at equilibrium� Mz�

total is the total amount of metal initially added or present and
�j is the stability constant of the complex	

For the humic material �in this particular example�� the following expression holds�
provided only binary complexes are formed�

A� � HAT��� � h�Kdiss
a � ��CaACa��� � ��EuAEu����

where HAT is the total concentration of humic substances� A� is the concentration of the
anion of humic substance� h is the proton concentration� Kdiss

a is the overall dissociation
constant for the humic substance� �CaA is the constant for the calcium complexation by
the humic substance� Ca�� is the concentration of calcium ion� �EuA is the constant for the
complexation between europium and the humic substance and Eu�� is the concentration
of europium ion	

First an overall pKa of �	� was selected to be representative of the humic substance	
The choice of this value was based on the plot of pKapp

a versus � for a number of aquatic
and terrestrial humic substances �Figure VI	
�	 In addition� it was assumed that Ca�� and
Eu�� did not interfere with one another on binding to the organic acid	 This assumption
is based on results from our laboratory where the interaction of Eu�III� and an aquatic
fulvic acid was not in�uenced by strontium� aluminium or iron �
�NOR�	 Similar lack
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Table VI	�� Concentrations and equilibrium constants used in the calculation of the spe�
ciation of Eu�III� in ground and surface waters	

Low conc� of
Surface water Groundwater humic substances

�HA
 	 mg � l�� � mg � l�� ���� mg � l��

�Eu
 ���� ���
 M ���� ���
 M ���� ���
 M
�Ca
 ����� ���
 M ��	�� ���� M ����� ���
 M

Stability constants�

Species log�� � Reference

CaOH� ��� ���HOG

CaCO��aq� ��� ���STU�MOR

CaA ���� ���MAT�EPH

EuOH�� ���	 ���KIM

EuCO�

� ���� ���HOG

EuA ��� ��� ���EPH� ��NOR�EPH

EuA �	� ���� � �����pH� ���NOR�EPH

EuA ��� ��� ���KIM


of interference has been observed for the interaction of Cu�� and fulvic acid upon the
addition of Ca�� ���HER�MOR�	 The concentrations under di�erent conditions and the
stability constants employed for the various complexes are summarised in Table VI	�	

The calculated percentages of the various species as a function of pH are shown in
Figures VI	��� VI	��� VI	��	 The various cases studied indicate that the sequestering of
Eu�III� in the presence of Ca�II� depends strongly on the value of the equilibrium constant
describing the interaction between Eu and HA	 A pH�independent log�� �EuA value of �	��
�
�NOR�EPH� 
�EPH� gave� for a surface water system where the HA concentration is
� mg�l��� that more than ��� of the Eu�III� was sequestered by the HA in the pH range of
� to � �Figure VI	���	 However� at pH � �� the EuCO�

� complex becomes the predominant
species	 An equilibrium constant of log�� �CaA � ���� was chosen for the interaction
between Ca�II� and humic substance �
�MAT�EPH�	 The speciation diagram shows that
the binding of Ca�II� by humic substances is weak and that CaCO��aq� becomes the
predominant Ca�II� species after pH of 
	�	 At pH � 
� Ca�� remains the predominant
species	
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Figure VI	��� Speciation of Eu�III� in a typical surface water environment	 �HA� �
���� ���� eq � l��� log�� ��EuA� � ���	
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Figure VI	��� Speciation of Eu�III� in a typical surface water environment	 �HA� �
���� ���� eq � l��� log�� ��EuA� � ����� � �����pH��	
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Figure VI	��� Speciation of Eu�III� in a typical surface water environment	 �HA� �
���� ���� eq � l��� log�� ��EuA� � ���	
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Using a pH dependent value of log�� �EuA obtained from ion exchange distribution
studies� �
�NOR�EPH� gives a completely di�erent picture �cf	 Figure VI	���	 In this
case� the Eu�III� is completely bound by the humic substance at pH values � ���� and
EuCO�

� is not formed in appreciably amounts	 The speciation with respect to Ca�II� is
not a�ected by the change in log�� �EuA because of the assumption of non�interference	

The choice of log�� �EuA is di�cult since the literature is swamped with a multitude of
di�erent values	 A compromise pH�independent value of �	� �cf	 Table VI	�� has been cho�
sen for log�� �EuA �
�KIM� and employed in the calculations shown in Figure VI	��	 With
this value� the EuA�aq� complex predominates at pH values � ��� and the EuCO��aq�
complex at pH � ���	 The EuOH�� complex reaches a maximum ����� at pH �	� and
drops again as the pH increases �Figure VI	���	

In most groundwater systems� the amount of DOC is about ��� of the surface water
DOC value� i�e�� � mg � l��	 By assuming that the binding characteristics of the DOC
are dominated by the characteristics of the humic substances� that the ground water is
open to CO��g� at a constant atmospheric pressure as in the surface water system and by
employing a pH�independent log�� �EuA of �	��� we �nd the results shown in Figure VI	��	
At pH values � ���� Eu�� ions predominate	 The EuA�aq� complex formed reaches a
maximum of ��� at pH of �	�� remaining at the same level until pH of � and then drops
down �Figure VI	���	 At pH � ���� the EuCO��aq� complex becomes the predominant
species	

Application of the pH�dependent function for the log�� �EuA shows that the EuA�aq�
complex takes over as the predominant species at pH values � ��� where all Eu�III� is
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Figure VI	��� Speciation of Eu�III� in a typical groundwater environment	 �HA� � � �
���� eq � l��� log�� ��EuA� � ���	
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essentially sequestered by the humic substance �Figure VI	���	

When a log�� �EuA of �	� is employed in the exercise� it is observed that the EuA�aq�
complex predominates in the pH range of � to �	 However� at pH values � �� the
EuCO��aq� complex becomes the predominant species �Figure VI	���	

Finally� the situation in which the humic substance will have the smallest e�ect on
the Eu�III� speciation will be considered	 This situation will be a typical groundwater
environment where not all the � mg � l�� DOC belong to humic substances but only ��� of
the DOC are humic�fulvic acids �cf	 Section VI	��	 The concentration of humic substances
thus will be ��� � ���	 eq � l��	 Employing the lowest log�� �EuA value of �	�� yields the
speciation diagram shown in Figure VI	��	 In this �gure� it is shown that the EuA�aq�
complex constitutes less than ��� of the Eu�III� species in the pH range of � to �	 The
EuOH� complex reaches a maximum ����� at pH of � where the carbonate complex�
EuCO�

� becomes the predominant species	 This picture is however� considerably changed
when a log�� �EuA value of �	� is employed �Figure VI	���	 With this value� the EuA�aq�
complex becomes the predominant species in the pH range of � to �	�	 The carbonate
complex again becomes the predominant species at pH values � �	 Application of the
log�� �EuA as a function of pH even with such low concentrations of HA will indicate
that the EuA�aq� complex becomes the predominant species of the Eu�III� speciation
�Figure VI	���	

���
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Figure VI	��� Speciation of Eu�III� in a typical groundwater environment	 �HA� � � �
���� eq � l��� log�� ��EuA� � ���� � �����pH��	

0

10

20

30

40

50

60

70

80

90

100

1 2 3 4 5 6 7 8 9 10

pH

p
e

rc
e

n
t 

o
f 

sp
e

c
ie

s

Eu3+

Ca2+

EuFA

EuCO3

CaCO3

Figure VI	��� Speciation of Eu�III� in a typical groundwater environment	 �HA� � � �
���� eq � l��� log�� ��EuA� � ���	
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Figure VI	��� Speciation of Eu�III� in an environment with the lowest possible concen�
tration of humic substances	 �HA� � ���� ���	 eq � l��� log�� ��EuA� � ���	
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Figure VI	��� Speciation of Eu�III� in an environment with the lowest possible concen�
tration of humic substances	 �HA� � ���� ���	 eq � l��� log�� ��EuA� � ���	
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Figure VI	��� Speciation of Eu�III� in an environment with the lowest possible concen�
tration of humic substances	 �HA� � �������	 eq � l��� log�� ��EuA� � ������ �����pH��	
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VI����� Relevance of the exercise

This example shows that both in groundwater and surface water environments� the spe�
ciation of trace toxic elements may be a�ected by the organic carbon component	 The
magnitude of this e�ect which is directly dependent on the concentrations of the organic
matter� will be signi�cant under acidic conditions	 Under basic conditions� the carbonate
complex �e�g�� EuCO�

� � seems to predominate� especially for groundwater systems where
the concentrations of DOC are small �� � mg � l���	 Addition of the second carbonate
and hydrolysis complexes for Eu does not change the picture� i�e	� in�uence of humic
substances on the speciation of Eu in the environment	 It must� however� be pointed
out that the above exercise has been performed without the inclusion of organic acids
which are associated with particles and colloids	 To obtain a complete picture� one needs
to incorporate the interaction of these organic components with inorganic colloids and
particulates and microbial species ��
XU�EPH� 
�KRA�ALL� 
�NOR�EPH�	 However�
it is unlikely that such a model will be particularly helpful for the modelling of �real�
systems	

VI��� Summary

The interaction of metal ions with natural organic acids has been examined by the rep�
resentation of humic substances as typical natural organic acids	 The possible formation
pathways of these organic acids especially in aquatic environments has been brie�y men�
tioned and the resultant functionalities which are responsible for their high a�nity for
metal ions have been considered	 The concentrations of these natural organic acids in
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the aquatic environments and the isolation and characterisation techniques have been
discussed	 The lack of information on molecular structure� weight� and con�guration has
resulted in di�erent model structures for the description of the solution chemical prop�
erties of these systems	 Two models predominate� the discrete multiligand model and
the continuous distribution model	 Current advances have shown that the two models
actually converge with respect to the functional group heterogeneity in these substances	
It was shown with an example that natural organic acids will have signi�cant e�ect on
the distribution of a trace element especially in surface water systems under acidic condi�
tions	 Such an e�ect is dependent on the concentrations of the organic acids� the model
employed to estimate the extent of interaction between the metal ion and natural organic
acid and the pH of the bulk solution	 In groundwater systems open to the atmosphere�
the role of humic substances in the speciation of toxic elements is partially reduced due
to their small concentrations	 The parameters necessary to describe�model the binding
of metal ions by humic substances are described in Table VI	�	

���
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Table VI	�� Parameters used in describing�modelling metal ion binding by humic sub�
stances	

Parameters Comments References

�� Concentration of organic In terrestrial environments	 
��SCH�KHA�	 
��STE�	
matter in terrestrial units are g �C � g�� soil� 
��MAL�
and aquatic environments� in aquatic environment	

units are g �C � l���

�� Fraction of humic
substance in organic
matter

�� Molecular weight of range from less than ��� to 
��HAN�SCH�	 
��AIK�MCK�	
humic material over ��� ��� for humic and 
��HAY�MCC�

fulvic acids� humic acids
have higher molecular
weight than fulvic acid�

�� Elemental analysis Major elemental 
��STE�	 
��AIK�MCK�	
composition � C 
�������� 
��HAY�MCC�
H 
������ O 
��������
N 
����� P 
� ����
S 
����� Cl 
� ���

�� Acid�base characteristics

Acid capacity range from � to �� meq � g��� 
��GAM�	 
��SCH�KHA�	
fulvic acids generally have 
��STE�	 
��AIK�MCK�	
higher acid capacity than 
��EPH�ALE�
fulvic acid�

Radius of humic substance a rigid sphere is normally 
��BAR�CAB�	 
��TIP�HUR�	
molecule assumed� 
��WIT�RIE�

pKapp vs� � curve provides insight into both 
��EPH�ALE�	 
��EPH�BOR�	
molecular weight 
��EPH�PET�
heterogeneity and
functional group�

Electrostatic e�ects corrects deviation from 
��MAR�RED�	
ideality as a result of 
��GAM�MAR�	 
��DZO�FIS�	
group�group interaction 
��EPH�ALE�	 
��BAR�CAB�	
accompanying ionization 
��TIP�HUR�	 
��WIT�RIE�
process�

���
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Table VI	� �continued�

pKintr assumed overall intrinsic 
��MAR�RED�	
pK� does not represent the 
��MAR�RED��	 
��PLE�JOS�
true nature of humic
substances but only used as
a crude estimation�
Normally	 two values are
assumed � one for �COOH
and the other for �OH�

�� Functional groups

Functional group reactivity of humic 
��STE�	 
��AIK�MCK�
heterogeneity substances is attributed

to the high presence of
oxygen�containing functional
groups	 e�g� �COOH	 �OH etc�

Percentage of predominant normally obtained by 
��EPH�ALE�	 
��EPH�BOR�	
acid sites potentiometic titrations	 
��EPH�BOR��	

pyrolysis	 derivatization 
��ARS�BOR�
techniques	 NMR etc�

pKa of the sites these values are normally 
��PAX�WED�	 
��EPH�ALE�	
guesses employed to �t 
��TIP�HUR�	 
��BAR�CAB�
experimental data�

�� Concentration of total values employed in modelling
metal ion exercise should be close to

environmental values�

�� Concentration of free methods employed include 
��ARD�STE�	 
��MAN�RIL�	
metal ion anodic stripping voltametry	 
��BRE�GRA�	 
��STE�	

�uorescence spectroscopy	 
��RYA�HOL�	 
��TOR�	
equilibrium dialysis	 
��TOR�CHO�	 
��EPH�MAR�	
ion�selective electrode	 
��NOR�EPH�
ultra�ltration	 gel
�ltration chromatography	
solvent extraction	 ion
exchange distribution�

�� Stability constants of explicit de�nition of the 
��ARD�STE�	 
��SHU�WOO�	
the metal�humate complex constants employed is 
��HIR�	 
��TAK�YOS�	

mandated� comparison of 
��EPH�ALL�
values obtained for same
metal�humate system using
di�erent methods�
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Chapter VII

Aqueous Speciation at the Interface

Between Geological Solids and

Groundwater

Steven A� BANWART
Dept� Civil � Environmental Engineering
University of Bradford
Bradford� W� Yorkshire BD� IDP �United Kingdom�

VII��� Introduction

The mobility� reactivity and bioavailability of pollutants within the hydrologic cycle is
critically dependent on the aqueous speciation controlling their solubility and adsorption
behaviour� In soils and aquifers� the geological medium is in intimate contact with sub�
surface water� and provides a dominant reaction partner for the chemical transformation
and immobilisation of solutes� Assessment of pollution risk to the biosphere� design of
sub�surface waste containment facilities and evaluation of remediation strategies for con�
taminated land and groundwater demand that the partitioning of contaminants between
water and immobile solid phases is understood�

This chapter intends to provide a conceptual framework for understanding the inter�
facial forces at work in adsorption reactions� Quantitative treatment of these reactions
stems from considering aqueous surface speciation at the solid�water interface� and ap�
plying mass balances and thermodynamic mass action laws that are analogous to those
used for modelling speciation in solution �cf� Chapter � in ���STU�MOR�	� Thermody�
namic data for such surface complexation reactions are compiled for hydrous ferric oxide
surfaces ��
DZO�MOR�� and can be estimated from analogous complexation reactions
between dissolved metals and ligands ���SCH�STU��

Modelling of surface speciation can predict the trends in adsorption behaviour with mas�


��

Extract from MODELLING IN AQUATIC CHEMISTRY  
(OECD Publications, 1997, 724 pp., ISBN 92-64-15569-4) 
Scientific Editors: Ingmar Grenthe and Ignasi Puigdomenech Contributors: Bert Allard, Steven A. Banwart, 
Jordi Bruno, James H. Ephraim, Rolf Grauer, Ingmar Grenthe, Jörg Hadermann, Wolfgang Hummel, 
Andreas Jakob, Theo Karapiperis, Andrey V. Plyasunov, Ignasi Puigdomenech, Joseph A. Rard, Surendra 
Saxena, Kastriot Spahiu Secretariat: OECD Nuclear Energy Agency Data Bank: M.C. Amaia Sandino and 
Ignasi Puigdomenech Original text processing and layout: OECD Nuclear Energy Agency Data Bank: Cecile 
Lotteau. © OECD 1997 
 



Aqueous Speciation at the Interface Between Geological Solids and Groundwater

ter variables such as pH and redox status� The complexity of natural systems can make
quantitative prediction of solute adsorption and retardation in the �eld very uncertain�
However� application of sound thermodynamic principles to adsorption reactions provides
a modelling framework that is theoretically rigourous� and that allows a sound mathe�
matical formulation of even very complex adsorption reactions� This chapter outlines the
theoretical principles involved� and develops the necessary mathematical framework� The
tutorial case studies presented can be calculated by hand� and do not require knowledge
of specialised computer codes for geochemical modelling�

VII��� Theoretical background

VII����� Intermolecular forces at the solid�solution interface

Adsorption of dilute solutes onto immobile geologic solids is a key process for retarding the
movement of solutes with groundwater �ow� The imbalance of forces at phase boundaries
drives such adsorption reactions� Ions in an aqueous electrolyte will migrate to charged
surfaces such as clay minerals� Non�polar solutes such as hydrocarbons will displace water
molecules at a non�polar surface such as sedimentary carbon� Dissolved metal ions and
ligands will respectively bind to functional groups and metal centres on organic or mineral
surfaces� analogous to hydrolysis and complexation reactions in solution�

Figure VII�� illustrates such reactions at the solid�water interface� In seeking a free
energy minimum� aqueous surface species will respond to three types of intermolecular
forces ���WES��

� inner�sphere chemical co�ordination bonding �surface complexation	�

� electrical charge interactions �ion�exchange	�

� solvation energies �hydrophobic adsorption	�

Formal application of the law of mass action� combined with mass balances for aqueous
species� provides mathematical descriptions of adsorption reactions� The free energy of
formation for the adsorbed species may depend on contributions from all three types of
intermolecular forces�

VII����� Mass balances for adsorbing substances� The concept of surface excess

Adsorption is a chemical process that accumulates dilute solutes� from the bulk aqueous
phase� at phase interfaces� Chemical reactions that cause contaminants to be removed
from the groundwater onto mineral or organic surfaces are of particular interest in con�
taminant hydrogeology�

The mass balance for adsorbing substances is de�ned by the concept of surface excess�
On a volume basis� the concentration of a dilute solute C�aq� �mol � l��	 is de�ned as the
mol of the solute in a �xed volume of the solution� The surface excess is the additional
amount of solute �mol �m��	 in the system when a �xed amount of reactive surface �m�	 is
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Figure VII��� Adsorption reactions depend on the chemical nature of the adsorbing solute
�adsorbate	 and of the solid surface �adsorbent	� The adsorption of an ionisable organic
compound is represented here by an aliphatic carboxylic acid adsorbed on �a	 polar and �b	
non�polar surfaces� Short�range chemical bonding e�ects and longer�range electrostatic
and solvation interactions contribute to the free energy of the adsorption reaction� In �a	
chemical bonds are formed between functional groups on the organic compound and metal
sites on the polar surface� In �b	 the non�polar methyl groups of the adsorbate are driven
to the solid surface because of the high solvation energy required to keep the compound in
solution� The primary adsorption reaction leads� in both cases� to secondary layers with
characteristics very di�erent from the original surface� reprinted with permission from
���BAN��
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present and in equilibrium with a solution of the same aqueous concentration� C�aq� �see
for example ���JAY�PAR�	�

The surface excess can be determined experimentally by preparing a standard solution
of the adsorbing compound� then contacting the solution with a solid phase� If the system
is then slowly titrated �so that equilibrium is always maintained	 with a solution of the
adsorbing compound� the amount added to bring the aqueous concentration back to that
of the original standard solution is the surface excess�

Eq� �VII��	 de�nes this mass balance� The amount of substance adsorbed is equal to the
di�erence between the total amount added to the system and the amount in solution� CT

is the total concentration of the substance� C�aq� is the dissolved concentration and C�sur�

is the adsorbed concentration� The surface excess is expressed as adsorption density�
� �mol � m��	� In contaminant hydrogeology� useful conventions de�ning the amount
adsorbed include the partitioned concentration� s �mol � kg�� �solid		� and the fractional
adsorption density� � �fraction of monolayer coverage	�

Eqs� �VII�
	 � �VII��	 de�ne the relationship between these variables where �T �mol �
m��	 is the maximum adsorption density at monolayer coverage� �b �kg � l��	 is the
dry bulk density of a geological medium with pore spaces� � is the porosity �units�less�
�l solution	��l geologic medium		� and a �m� � kg��	 is the speci�c surface area of the
solid phase� The dimensionless distribution coe�cient Kd is de�ned as the ratio between
adsorbed concentration and solution concentration �Eq� �VII��		� An additional variable
important to reactions in water�saturated soils and aquifers is the solid�to�solution ratio
�kg � l��	� S � ����� determined from bulk density and porosity�

C�sur� � CT � C�aq� �mol � l��	 �VII��	

� � C�sur���
��
b a�� �mol �m��	 �VII�
	

s � C�sur���
��
b �mol � kg���solid		 �VII��	

� � ����T	 �dimensionless	 �VII��	

Kd � C�sur��C�aq� �dimensionless	 �VII��	

In practice� the surface excess is usually determined by mixing particles of the solid with
a standard solution of the adsorbing substance� or passing the standard solution through
a �xed�bed or column containing the solid phase as a porous medium� The amount of
the solute remaining� after equilibrium has been reached with the solid� is determined
analytically� Wet chemical techniques such as spectrophotometry are often disturbed by
the presence of the solid phase which must �rst be separated from the mixture by �ltration
or centrifugation�

Figure VII�
 shows a schematic drawing of a thin��lm continuous��ow reactor
���BRU�CAS�� where the reactive phase is held on a membrane �lter across which re�
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Figure VII�
� Schematic diagram of a �ow�through reactor system used to study adsorp�
tion on mineral surfaces� A thin packed�bed of mineral powder is placed on a membrane
�lter in the reactor� A feed solution containing the adsorbate is pumped through the reac�
tor� Out�ow concentrations indicate if adsorption takes places� A delayed breakthrough of
adsorbate� compared to a non�adsorbing tracer� indicates loss of adsorbate from solution�
The mass di�erence between the total amount of adsorbate pumped into the reactor� and
the total amount leaving the reactor� gives the adsorbed amount �see Figure VII��	� Ion�
selective electrodes or other probes can be used with automatic data loggers to monitor
reactor e�uent continuously� reprinted with permission from ���MAL�BAN��

acting solutions are pumped� Figure VII�� shows the accumulation of chromate from
solutions which have been pumped through such a reactor ���DEN�STJ�� Comparing the
breakthrough of chromate with a non�adsorbing tracer �Na�	 shows a signi�cant retar�
dation of Cr due to adsorption on the mineral in the reactor� Figure VII�� shows the
surface excess� calculated from the di�erence in in�ow and out�ow concentrations as a
function of time during the experiments� Results are plotted for experiments with three
di�erent in�owing standard solutions of chromate� In each experiment� the adsorption
density reaches a constant value with time� This value depends on the concentration of
chromate in the in�owing standard solution� The relation between chromate adsorption
density and chromate ion activity in solution can be described by a mathematical model of
chromate adsorption equilibrium� an adsorption isotherm� The following sections present
the necessary theoretical concepts� and then develop them into adsorption isotherms�

VII����� Stoichiometric adsorption reactions and the thermodynamic law of mass action

The stoichiometric reaction for adsorption of chromate on goethite is described as a ligand
exchange reaction where chromate ion displaces water at hydrated iron sites �represented
by the notation �FeOH�

� 	 on the mineral �Eq� �VII��		� Eq� �VII��	 de�nes the corre�


��



Aqueous Speciation at the Interface Between Geological Solids and Groundwater

Figure VII��� Breakthrough of total dissolved Cr with time for Cr�VI	 adsorption on iron
oxide� using the �ow�through reactor shown in Figure VII�
� At 

 hours� a solution con�
taining NaHCrO� is pumped into the reactor� The delayed breakthrough of Cr� compared
with Na� in the reactor e�uent indicates adsorption of Cr on the mineral �pH � �� I �

�� M NaClO�� 
��� g FeOOH� reprinted with permission from ���DEN�STJ��

sponding thermodynamic mass law in terms of molar activities �mol � l��	� denoted by
curved brackets� of reactants and products� For reaction of dilute solutes� the activity
of water approaches unity and is neglected in the mass law� The superscript �s� on the
formation constant is used to note the formation of a surface complex� Eq� �VII��	 is
analogous to Eq� �VII��	 but written in terms of molar concentration and activity coe��
cients�

�FeOH�
� � CrO��

�
�� �FeCrO�

� � H�O�l	 �VII��	

�s� �
f�FeCrO�

� g

f�FeOH�
� gfCrO��

� g
�VII��	

�s� �
�FeCr��FeCrO�

� �

�Fe��FeOH�
� � �Cr�CrO��

� �
�VII��	

��s� �
�Fe�Cr
�FeCr

�s� �
��FeCrO�

� �

��FeOH�
� ��CrO��

� �
�VII��	
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Figure VII��� Surface excess of Cr on colloidal goethite� calculated by mass balance from
Cr breakthrough curves for three di�erent feed solution concentrations� �Cr�VI	�in � �
�
�

 and ��
 �m� Insert� the adsorption isotherm obtained by plotting the reciprocal of
surface excess against the reciprocal of chromate ion concentration in solution �see text�
pH � �� I � 
�� M NaClO�� 
��� g FeOOH� reprinted with permission from ���DEN�STJ��

Eq� �VII��	 de�nes the conditional formation constant ��s� � where the corresponding mass
law can be written solely in terms of molar concentrations� Chemical activity can be
expressed as the product of molar concentration and an activity coe�cient �i for each
species i� Activity coe�cients correct molar concentrations to molar activities for non�
idealities introduced by interactions between charged species� both on the surface and
in solution� and take the value of unity at the reference state� For surface species� the
reference state is the uncharged surface� For dissolved species� the reference state is a
hypothetical condition� an ideal solution of unit molality in which the activity of the
solute is unity �the dissolved species thus has the properties it would have at in�nite
dilution	� Because the singly protonated surface site� �FeOH�

� � has a formal charge of
��� the reference state of zero charge is represented by the deprotonated site� �FeOH�
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VII����� Combining mass balances and thermodynamic mass laws� The adsorption
isotherm

Eq� �VII��	 can be combined with the mass balance for surface sites �Eq� �VII��
		 written
in terms of molar concentration�

�Ta�b�
�� � ��FeOH�

� � � ��FeCrO�
� � �VII��
	

Combining Eqs� �VII��	 and �VII��
	 by eliminating the term ��FeOH�
� � and solving the

resulting expression for ��FeCrO�
� � gives a mathematical expression relating the surface

excess of chromate ��Cr	 to the chromate ion concentration in solution� i�e�� the chromate
adsorption isotherm �Eq� �VII���		�

�Cr a�b�
�� �

��s� �Ta�b�
���CrO��

� �

� � � �s� �CrO��
� �

�VII���	

Dividing Eq� �VII��
	 by �a�b���	� and taking the reciprocal of both sides� yields a linear
expression �Eq� �VII��
		 with slope ���s� �T	�� and intercept ��T	���

��Cr	
�� � ���s� �T	�� �CrO��

� ��� � ��T	�� �VII��
	

The inset to Figure VII�� shows ��Cr	��� plotted against �CrO��
� ���� The three

data points fall on a straight line� and values of �T � �	� � �
�� mol � m�� and
��s� � �	� � �
�� M�� are estimated from linear regression of the data� The Gibbs 
free energy of formation for the surface species �FeCrO�

� can thus be estimated if ��s� has
been determined under conditions approaching the standard states of in�nite dilution and
zero surface charge� or if the activity coe�cients are known �Eq� �VII���		�

!rGm � �RT ln���s� 	 �VII���	

VII������� The Langmuir adsorption isotherm

Dividing Eq� �VII���	 by �aS�T	 and re�arranging yields a standard form of the Langmuir
isotherm �Eq� �VII���		� where the ratio of surface sites occupied by chromate� to those
unoccupied� is proportional to the solution concentration of the adsorbing species� For
chromate adsorption on iron oxide� the adsorption intensity constant� K� is de�ned by
the conditional surface complexation constant� ��s� � and the aqueous concentration of
adsorbate� C�aq�� is �CrO��

� �� This isotherm results from a model of a single adsorbate on
a single adsorbent with a �nite number of adsorption sites� all with an equal free energy
of adsorption at a �xed temperature�

�

����	
� K C�aq� �VII���	

These assumptions are inherent in our treatment of chromate adsorption as formation
of a single surface species with a �xed number of sites for complex formation at the
iron oxide surface� The isotherm is widely used in surface science and has been applied to
solid�gas and liquid�gas interfaces as well as to many types of solid�liquid phase interfaces�
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VII������� A linear adsorption isotherm� The distribution coe�cient

Inspection of Eq� �VII���	 shows that a consequence of the Langmuir isotherm is that
for low surface concentration of adsorbate� � � �� the surface density is predicted to
be proportional to the solution concentration� � � K C�aq�� Inspection of Eq� �VII���	
shows that low adsorption density and linear adsorption are likewise predicted for low
concentrations of chromate ion �� �s� �CrO��

� � � �	� This means that for trace concentra�
tions of chromate� its adsorption can be adequately modelled by a simple Kd expression
�Eq� �VII���		� where C�sur� � ��FeCrO�

� �� C�aq� � �CrO��
� �� and Kd � ���s� �TaS	

C�sur� � Kd C�aq� �VII���	

VII����� The in	uence of solution speciation on adsorption

The stoichiometric reaction for Cr�VI	 adsorption on iron oxide is written in terms of the
chromate ion concentration� The adsorption reaction corresponds to formation of unique
surface chemical species with a speci�c Gibbs free energy� The free energy of reaction in
turn depends on the free energy of the aqueous species chosen as the Cr component for the
adsorption reaction� solution speciation must be considered when modelling adsorption�

Wet chemical analytical techniques often determine the total concentration of an ele�
ment in solution� We represent this by the notation

P
�H�CrO�� for chromium� indicating

the sum of concentration for all chromium�VI	 species in solution� Eqs� �VII���	 and
�VII���	 are the stoichiometric reactions for formation of hydrogen�chromate and chro�
mate ion� respectively� The conditional thermodynamic constants have been adjusted for
changes in chemical activity due to ionic strength e�ects using the Davies equation �p��
�
in ���STU�MOR�	�

H�CrO� �� HCrO�
� � H� �VII���	

HCrO�
�

�� CrO��
� � H� �VII���	

log��K
�
��VII	��
 
��C
 
	� M NaClO�	 � 
	�

log��K
�
��VII	��
 
��C
 
	� M NaClO�	 � ��	�

For the experiments shown above� carried out at pH �� the concentration of the species
H�CrO� is negligible for pH � pK �

� � �
	� y

X
�H�CrO�� � �H�CrO�� � �HCrO�

� � � �CrO��
� �

� �HCrO�
� � � �CrO��

� � �VII���	

The distribution of dissolved species is thus de�ned by Eqs� �VII���	 and �VII�

	� and
depends strongly on pH�

�� �
�HCrO�

� �P
�H�CrO��

�
�H��

K �
� � �H��

�VII���	

y In this Chapter the �p� nomenclature is sometimes used� pK� pH� pM� etc�� are symbols for � log��K�
� log�� aH� � � log�� aM� etc�
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�� �
�CrO��

� �P
�H�CrO��

�
K �

�

K �
� � �H��

�VII�

	

The chromate ion concentrations plotted in Figure VII��� and used to estimate ��s� and
�T can thus be calculated for pH � from the total analytical concentration of Cr�VI	 in
solution� and Eq� �VII�

	� �CrO��

� � � �
P

�H�CrO��K �
�	��K

�
� � �H��	�

Analogous to solution species� many mineral and organic surfaces undergo protonation
and deprotonation reactions� Potentiometric titration of aqueous suspensions of colloidal
goethite ���FeOOH	 show that proton adsorption and desorption corresponds to the fol�
lowing stoichiometric reactions� ��
LOE�SJO��

�FeOH�
�

�� �FeOH � H� �VII�
�	

�FeOH �� �FeO� � H� �VII�

	

log��K
�
��VII	
�
 
��C
 
	� M NaClO�	 � ��	��

log��K
�
��VII	


 
��C
 
	� M NaClO�	 � ��	��

The isotherm for chromate adsorption �Eq� �VII���		 thus corresponds to neglecting
the species �FeOH and �FeO� in the mass balance for surface sites �Eq� �VII��
		� This
assumption is valid for pH values well below the �rst and second acidity constant for the
goethite surface� pH � pK �s

� and pH � pK �s
� � This assumption holds for the case here�

pH � �� pK� � ����� pK� � �����

VII��� Surface complexation

The example of chromate adsorption in the previous section provides a case study of ad�
sorption by formation of ionic complexes at the mineral�water interface� The boundary
of a solid phase at the mineral�water interface leaves surface sites with unsaturated co�
ordination bonds� These bonds seek co�ordination partners from solution� i�e�� chemisorp�
tion of water� protons or hydroxide ions� forming surface complexes of variable charge�

VII����� Chemisorption of water� Formation of variable charged surfaces

Figure VII�� represents a highly simpli�ed picture of the surface of an iron oxide min�
eral at the solid�solution interface� Chemisorption from solution results in surface aquo
complexes that undergo further co�ordination reactions in response to changes in the
chemical activities of solutes� for example changes in pH� Surface charge derives from
protonation�deprotonation of functional groups� Surface charge can be further modi�ed
by adsorbing charged ionic species from solution�

VII����� Adsorption of ligands and metals at the hydrated surface

Chemisorbed water can be exchanged for ligands in solution� Oxy�hydroxy groups on
metal carbonates and phosphates� and di�sul�de groups on sul�de minerals� can be ex�
changed for water� Ligands remaining on the surface� or which re�adsorb� can likewise
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Figure VII��� Hydroxide ions chemically bound to terminal Fe�III	 sites on the surface
of iron oxide� These groups can protonate� de�protonate� undergo ligand exchange with
dissolved species or bind metal ions through formation of surface hydrolysis species� Such
reactions for metal�oxide� �sulphide� �carbonate and �phosphate surfaces� and organic
surfaces are listed in Table VII���

undergo acid�base reactions� and bind metal ions from solution� For example� metal ions
display a chemical a�nity for surface hydroxy groups� as they do for hydroxide ions in so�
lution� Metals will therefore adsorb by forming surface hydrolysis complexes� Table VII��
shows types of surface functional groups� and the changes in surface charge that result
from co�ordination reactions with ligands and metals at the surface�

The general notation for surface functional groups at the solid�water interface is given by
�SOH� where S represents the central cation of a hydroxy or oxy�hydroxy complex� Based
on Table VII��� some examples for �SOH are� hydroxylated �AlOH sites on aluminium
oxides or aluminosilicate minerals� hydroxyl groups bound to sul�de minerals ��SMOH�	�
��PO		OH groups on metal phosphates� ��CO�	OH groups on metal carbonates� carboxyl
groups� ��CO	OH on organic surfaces �after Charlet ���CHA�	�


��



Aqueous Speciation at the Interface Between Geological Solids and Groundwater

Table VII��� Functional groups at the solid�water interface

UNCHARGED
SURFACE

>SOH

PROTONATION

   >SOH + H+ =
                   >SOH2

+

LIGAND
EXCHANGE

  >SOH + CO3
2– =

                 >SCO3
– + OH–

METAL
COMPLEXATION

  >SOH + Zn2+ =
                 >SOZn+ + H+

              M    OH

              OH

              M    OH

METAL OXIDE

            M    OH

            OH

            M    OH2
+

            M     CO3
–

            OH

            M    OH

            M    OH

            OH

            M    OZn+

              M    S

              SH2

              M    S

METAL SULFIDE

           M     SH+

           SH2

           M     SH+

see [91ROE/SJO]

            M     CO3

            SH2

            M    SH+

            M    S

            SZn

            M    S

              M    OH

              O

              C     OH

              O

              M    OH

METAL
CARBONATE

             M    OH

             O

             C    OH2
+

             O

             M    OH

              M     CO3
–

              O

              C      OH

              O

              M    OH

              M     OH

              O

              C      OZn+

              O

              M    OH
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Table VII�� �continued	

UNCHARGED
SURFACE

>SOH

PROTONATION

    >SOH + H+ =
               >SOH2

+

LIGAND
EXCHANGE

   >SOH + CO3
2– =

                 >SCO3
– + OH–

METAL
COMPLEXATION

   >SOH + Zn2+ =
                 >SOZn+ + H+

             M    OH

             O

             P      OH

             O

             M    OH

METAL
PHOSPHATE

             M    OH

             O

             P     OH2
+

             O

             M    OH

              M    CO3
–

              O

              P     OH

              O

              M    OH

              M    OH

              O

              P     OZn+

              O

              M    OH

              O

              C    OH

              NH

              C    OH

ORGANIC
SURFACE

             O

             C    O–

             NH

             C    OH

deprotonation:
>SOH  =  >SO– + H+

Organic functional
groups are assumed
to be irreversibly
bound to the organic
matrix, analogous to
synthetic organic
chelating resins, and
do not undergo
reversible ligand
exchange with
solution species.

              O

              C    OZn+

              NH

              C    OH
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Table VII�
 compares the general framework for co�ordination reactions in solution and
at solid�water interfaces� This framework provides consistent notation for�

� writing stoichiometric reactions�

� formulation of the corresponding thermodynamic mass action laws� and

� de�nition of important conservative parameters�

It is important to note that the picture of the hydrated mineral surface represented by
the reactions in Table VII�
 is very much simpli�ed� For example� the surface of even a
very simple hydrous oxide mineral is not uniform� It contains a variety of hydroxyl groups
that are neither structurally nor chemically equivalent� ���HIE�RIE��

OH
H
HH

�
��

S

S

S

OH
a

a
a

�
�
�

S

S

S OH S
�
�

b
b

OH

OH

The simple surface complexation models presented in Table VII�
 are only qualitatively
correct at the microscopic level� even though a good quantitative description of titration
data� adsorption isotherms and surface charge changes with pH are obtained� Surface com�
plexation models thus re�ect the average stoichiometry and intensity of surface chemical
reations at macroscopic level� in the statistical sense of a mean �eld� The heterogeneity
at microscopic level is con�rmed by results from surface spectroscopic studies �see review
by Charlet ���CHA�	� Such results are critical to understanding the limits of applicability
for the simple one site model presented here�

VII����� The pH dependence of adsorption

Because water is the solute and a dominant reaction partner� protons and hydroxide ions�
respectively� compete with metals and ligands for co�ordination partners on the surface
and in solution� Table VII�� summarises an example that compares the pH dependence of
adsorption for Cr	� and CrO��

� on iron oxide� The results plotted in Figure VII��a show
that Cr	� adsorption increases with increasing pH� The adsorption edge� the pH where
surface conentration of Cr	� starts to increase sharply� occurs at a relatively low pH� This
behaviour is explained by the tendency of tri�valent aquo ions to hydrolyse at low pH� In
the presence of iron oxide� Cr	� forms surface complexes� binding to OH groups on the
surface�

Eqs� �VII�
�	 and �VII�
�	 illustrate the tendency of metal ions to form complexes with
OH groups either on the surface or in solution� The dash between the oxygen and hydrogen
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Table VII�
� Stoichiometry� thermodynamic laws of mass action and capacity factors for
solution and surface coordination reactions�

SOLUTION COORDINATION REACTIONS�

Stoichiometric reaction� Thermodynamic mass action law�

Protonation of a ligand�

rH� � Lp� �� HrLr�p ���r � �HrLr�p� � ��H��r �Lp��	

Hydrolysis of a metal ion�
Mn� � qH�O�l	 �� M�OH	n�qq � qH� ��q � �M�OH	n�qq � �H��q � �Mn��

Formation of metal ion complexes�

Mn� � qrH� � qLp� �� M�HrL	n�q�r�p�q

�q � �M�HrL	n�q�r�p�q � �
��Mn�� �H��qr �Lp��q	

Conservative parameters�

Total metal concentration �j di�erent ligands� L� all q	�
MT � �Mn�� �

P
j

P
q�M�HrL	n�q�r�p�q � �

P
q�M�OH	n�qq �

� �Mn��
�
� �

P
j

P
q �q�H

��qr�Lp��q �
P

q
��q�H���q

�

Total ligand concentration �i di�erent metals� M� all r and q	�
LT � �Lp�� �

P
r�HrLr�p� �

P
i

P
q

P
r q �M�HrL	n�q�r�p�q �

for the formation of ��� complexes q � ��

� �Lp��
�
� �

P
r ���r�H

��
r

�
P

i

P
q

P
r �q�H

��
qr

�Mn��
�

Proton binding capacity �j di�erent ligands� L	�
CT �

P
j pLT

Total acidity with reference to H�O� Mn�� Lp� �i di�erent metals�
j di�erent ligands� all r and q	�

HT � �H�� �
P

j

P
r r �HrLr�p� �

P
i

P
j

P
r rq �M�HrL	n�q�r�p�q �

�
P

i

P
q q �M�OH	n�qq �� �OH��
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Table VII�
 �continued	

SURFACE COORDINATION REACTIONS�

Stoichiometric reaction� Thermodynamic mass action law�

Protonation�deprotonation of sites�

�SOH � H� ���SOH�
� Ksurf ���� 	 
�SOH�

� � � �
�SOH� 
H
���

�SOH ���SO� �H� �Ksurf�����
�� 	 
�SO� � 
H�� � 
�SOH�

Metal ion adsorption�

�SOH �mMn� �� �SOMnm��
m �H�

��surf���m 	 
�SOMnm��
m � 
H�� �

�
�SOH� 
Mn��m�

Ligand adsorption�

�SOH � �qr� ��H� � q Lp� ��

�S�HrL�
q�r�p���
q � H�O�l�

�surf���q 	 
�S�HrL�
q�r�p���
q � ��


�SOH� 
H��
�qr���


Lp��q
�

Conservative parameters�

Total adsorbed metal concentration �i di
erent metals��
Msurf

T 	
P

mm 
�SOMnm��
m �

	
P

mm
�

Mn�� ��surf��m
�SOH� 
H

����
�

for the formation of ��� complexes� m 	 �� Msurf
T 	 
Mn��

P
m
��surf��m 
�SOH� 
H����

Total adsorbed ligand concentration�

LsurfT 	
P

r

P
q q 
�S�HrL�

q�r�p���
q �

	
P

r

P
q q �surf���q 
�SOH� 
H

���qr��� 
Lp��q

Total surface acidity �i di
erent metals� j di
erent ligands��

Hsurf
T 	 
�SOH�

� � �
P

j

P
r

P
q q 
�S�HrL�

q�r�p���
q �

�Pi

P
mm 
�SOMnm��

m �� 
�SO��

Total surface charge �i di
erent metals� j di
erent ligands��

Qsurf
T 	 
�SOH�

� � �
P

j

P
r

P
q�q�r� p� � �� 
�S�HrL�

q�r�p���
q �

�
P

i

P
m�nm� �� 
�SOMnm��

m �� 
�SO� �
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Table VII��� Cr	� and CrO��
� adsorption on iron hydroxide

Cr	� ADSORPTION�

Stoichiometric Model� log��K Reference

�FeOH � Cr	� �H�O�l� �� �FeOCrOH� � �H� ���� 
��DZO�MOR�
�FeOH�

�
�� �FeOH �H� ����� 
��DZO�MOR�

�FeOH�
� �Cr	� �H�O�l� ��

�FeOCrOH� � �H� �VII���� �����

Thermodynamic Law of Mass Action�

��surf�VII���� 	 
�FeOCrOH�� 
H��	 �
�

�FeOH�

� � 
Cr
	��
�
� log��

��surf�VII���� 	 �����

Mass Balances�

Chromium� CrT 	 
Cr	�� � 
�FeOCrOH��
Iron Hydroxide� FeT 	 
�FeOH�

� � � 
�FeOH� � 
�FeO� � � 
�FeOCrOH��

Assumptions�

�� Surface sites are protonated at low pH� 
�FeOH�� 
�FeO� � � 
�FeOH�
� �

�� Chromium in trace concentrations� 
Cr	��� 
�FeOCrOH� � � 
�FeOH�
� �

Adsorption Model from combining mass action law� mass balances and assumptions�


�FeOCrOH� � 	 ��surf�VII����CrT �
�

H��	 � ��surf�VII����FeT

�
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Table VII�� �continued	

CrO��
� ADSORPTION�

Stoichiometric Reactions� log��K Reference

�FeOH � CrO��
� �H� ��

�FeCrO�
� �H�O�l� �VII���� ����� 
��DZO�MOR�

�FeOH�
�

�� �FeOH �H� ����� 
��DZO�MOR�
�FeOH �� �FeO� � H� ����� 
��DZO�MOR�

CrO��
� � H� �� HCrO�

� ��� 
��DEN�STJ�
HCrO�

� � H� �� H�CrO��aq� ���� 
��DEN�STJ�

Thermodynamic Laws of Mass Action�

�surf�VII���� 	 
�FeCrO�
� � �

�

�FeOH� 
CrO��

� � 
H��
�

�Ksurf�����
�� 	 
�FeOH� 
H�� � 
�FeOH�

� �
Ksurf���� 	 
�FeO�� 
H�� � 
�FeOH�

K��� 	 
HCrO�
� � �

�

CrO��

� �
H��
�

K��� 	 
H�CrO��aq�� �
�

HCrO�

� �
H
��
�

Mass Balances�

Chromium� CrT 	 
H�CrO�� � 
HCrO�
� � � 
CrO��

� � � 
�FeCrO�
� �

Iron Hydroxide� FeT 	 
�FeOH�
� � � 
�FeOH� � 
�FeO�� � 
�FeCrO�

� �

Assumptions�

�� Unoccupied surface sites singly protonated� 
�FeOH�
� �� 
�FeO

� � � 
�FeOH�

�� Chromium in trace concentrations� 
CrO��
� �� 
�FeCrO�

� � � 
�FeOH�
�� Dissolved chromate as chromate anion� 
H�CrO��� 
HCrO

�
� � � 
CrO��

� �

Adsorption Model from combining mass action law� mass balances and assumptions�


�FeCrO�
� � 	 �surf�VII����FeT 
H�� CrT � �� � �surf�VII���� FeT 
H���
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Figure VII��� The pH dependence of �a	 Cr	� and �b	 CrO��
� adsorption on iron oxide�

calculated by the model given in Table VII��� These results demonstrate the important
role of pH and redox state as master variables for adsorption reactions�
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atoms emphasises the hydrolysis reaction as a tendency for metal ions to displace protons
as co�ordination partners for hydroxide ions �after Schindler and Stumm� ���SCH�STU�	�

�HO�H	 � Mez� �� �HO�Me	z�� � H� �VII�
�	

��FeO�H	 � Mez� �� �FeO�Me	z�� � H� �VII�
�	

Figure VII��b shows that the adsorbed concentration of CrO��
� decreases with increasing

pH� In this case� the surface metal sites act as co�ordination partners for the chromate
ligand� Hydroxide ions begin to e�ectively compete for surface sites as pH goes up� i�e��
hydroxide displaces chromate from the surface�

For either cations or anions� the pH dependence of adsorption results from chemical
speciation� and the relative free energy of reaction of the surface and solution complexes�
Formation of surface complexes is di�erent to ion exchange reactions� In the case of surface
complexation� ions are bound directly to metal centers and ligand functional groups on
the surface� Ion exchange results from excess surface charge that is balanced by a mobile�
di�use ion swarm in the electrical double layer �see Section VII����	� The excess charge
can� however� result from surface complexation reactions that form charged species at the
surface�

VII����� Competitive adsorption

Major groundwater ions that are present at total concentrations that approach the avail�
able adsorption capacity �total site concentration	 will compete for available adsorption
sites� Adsorption competition between sulphate� hydrogen carbonate and carbonate ions
on iron hydroxide is summarised in Table VII��� Figure VII��a shows the e�ect of increas�
ing groundwater pCO�

to form surface Fe�carbonate complexes at near�neutral pH� For an
open system in equilibrium with the atmosphere �pCO�

� �
�	�� atm	� surface carbonate
species dominate the surface�

Figure VII��b shows that sulphate� which forms less stable iron complexes than car�
bonate� is a minor species on the surface� with adsorption highest at low pCO�

� If pCO�
is

increased� i�e� respiration of organic carbon in an aquifer with slow di�usion of the result�
ing CO��g	 to the atmosphere� initially adsorbed sulphate will be driven o� the mineral
surface due to preferential formation of the more stable surface carbonate complexes�

This predicts that increasing bicarbonate concentrations at near�neutral pH could lead
to increasing sulphate concentrations in the groundwater� as recently discussed by Bruton
and Viani ���BRU�VIA� for the shallow bedrock environment at the "Asp"o Hard Rock
Laboratory� Table VII�� compares sulphate adsorption before and after an increase in
pCO�

� and provides an order�of�magnitude estimate of the total adsorption capacity for
the fracture minerals based on this adsorption model�

These calculations demonstrate the potential for adsorption reactions to in�uence major
ion chemistry in groundwaters� as well as the partitioning of trace elements� Adsorption of
trace elements will be a�ected less by adsorption competition because their concentration�
by de�nition� will often be far less than that of available adsorption sites� In this case�
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T able VI I��� Adsorption comp etition b et w een sulfate and carb onate ions�

Stoic hiometric Reactions� log

��

K Reference

� F eOH � H

�

� CO

� �

�

�

�
� F eCO

�

�

� H

�

O ����� 	
�DZO�MOR


H

�

O � CO

�

�g�

�

�
CO

� �

�

� � H

�

� ����� 	
�BR U�STU


� F eOH � CO

�

�g�

�

�
� F eCO

�

�

� H

�

�VI I���� � ��
�

� F eOH � �H

�

� CO

� �

�

�

�
� F eHCO

�

� H

�

O ����� 	
�DZO�MOR


H

�

O � CO

�

�g�

�

�
CO

� �

�

� �H

�

� ����� 	
�BR U�STU


� F eOH � CO

�

�g�

�

�
� F eHCO

�

�VI I���� ����

� F eOH � SO

� �

�

�

�
� F eOHSO

� �

�

�VI I��
� ���
 	
�DZO�MOR


� F eOH � SO

� �

�

� H

�

�

�
� F eSO

�

�

� H

�

O �VI I���� ���� 	
�DZO�MOR


� F eOH

�

�

�

�
� F eOH � H

�

� ���
 	
�DZO�MOR


� F eOH

�

�
� F eO

�

� H

�

� ��
� 	
�DZO�MOR


Thermo dynamic La ws of Mass Action�

�

surf

�VI I � ��� � 	 � F eCO

�

�


 	H

�


 �	 � F eOH
 p

CO

�

�

� �

�

surf

�VI I � ��� � 	 � F eHCO

�


 �	 � F eOH
 p

CO

�

�

� �

�

surf

�VI I � �
� � 	 � F eOHSO

� �

�




�

	 � F eOH
 	SO

� �

�




�

� �

�

surf

�VI I � ��� � 	 � F eSO

�
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�

	H

�


 	 � F eOH
 	SO

� �
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�

� �

�K

surf � � � �

�

� �

� 	 � F eOH
 	H

�


 	 � F eOH

�

�




� �

K

surf � � � �

� 	 � F eO

�


 	H

�


 	 � F eOH


� �

Mass Balances�

Sulfate� S

T

� 	SO

� �

�


 � 	 � F eOHSO

� �

�


 � 	 � F eSO

�

�




Carb on� C

T

� 	 � F eCO

�

�


 � 	 � F eHCO

�


 � 	HCO

�

�


 � 	CO

� �

�




Iron Hydro xide� F e

T

� 	 � F eOHSO

� �

�


 � 	 � F eSO

�

�


 � 	 � F eCO

�

�


 � 	 � F eHCO

�




� 	 � F eOH

�

�
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 � 	 � F eO
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T able VI I�� �con tin ued	

Assumption for neglecting minor sp ecies at � � � � pH � ��

	 � F eSO

�

�


� 	 � F eOH

�

�


� 	 � F eO
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 � 	F eOH
� 	 � F eOHSO
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�
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�




Adsorption Mo del b y com bining mass action la ws� mass balances and assumptions�
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Case study �from Ref� 
��BAN�TUL���

Initial groundw ater� Final groundw ater�

I � � � � M I � � � �� M

pH � ��� pH � ���

	SO

� �

�


 � � � �� � ��

� �

M 	SO

� �

�


 � � � � � ��

� �

M

for p

CO

�

� ��

� �

atm for p

CO

�

� ��

� �

atm

	 � F eOHSO

� �

�


 � F e

T

� � � �� � ��

� �

	 � F eOHSO

� �

�


 � F e

T

� �

Change in SO

� �

�

adsorption with p

CO

�

�see Figure VI I����

Change in solution sulfate concen tration� �	SO

� �

�


 � � � �� � ��

� �

M

Change in fractional sulfate co v erage� �� � � � �� � ��

� �

Corresp onding adsorption capacit y � C

T

� �	SO

� �

�


 � �� � � � � M
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Surface complexation

Figure VI I��� The dep endence of surface carb onate �top	 and sulphate �b ottom	 sp ecies

on p

CO

�

calculated for near�neutral pH b y the mo del presen ted in T able VI I��� Increasing

p

CO

�

fa v ours the formation of surface carb onate sp ecies� and causes the w eakly b ound

sulphate to b e displaced from the mineral surface�

trace metal partitioning will b e in�uenced m uc h more strongly b y comp etition b et w een

their binding b y surface sites and solution ligands� and the e�ect of pH as presen ted in

Figure VI I���

VII����� Non�ide al b ehaviour� A ctivity c orr e ctions for surfac e c over age

It is exp erimen tally observ ed� notably for metal o xides� that under conditions of

�xed temp erature� pressure and ionic strength� that resulting conditional thermo dy�

namic constan ts for surface complexation reactions v ary with surface co v erage of ad�

sorbate� The reference state for the activit y of surface sp ecies is de�ned as the un�

c harged surface for the t w o comp onen t system� solid�w ater� represen ted b y the sp ecies

� S�OH �see T able VI I��	� The v ariation in conditional constan ts with surface co v erage
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often �ts the empirical relation describ ed b y Eq� �VI I���	 ���SCH�STU�� �

� s

��	 is the

conditional v alue of the constan t� �

� s

� ev aluated at surface co v erage� �� Linear extrap o�

lation of a plot of log

��

�

� s

��	 against �� to the in tercept at � � 
 giv es the conditional

constan t� �

� s

� at the reference zero�c harge state for the surface�

�

� s

��	 � �

� s

e

�A 


�VI I���	

The term e

�A 


th us is an empirical activit y correction factor�

De�ning �

� s

in terms of the Langm uir adsorption isotherm �Eq� �VI I���		� and re�

arranging Eq� �VI I���	� yields the F rumkin�F o wler�Guggenheim �FF G	 isotherm �Equa�

tion �VI I��
	� where b � A � 
	�

�

�� � �	

e

� � b

� �

� s

C

�aq�

�VI I��
	

Whereas the Langm uir adsorption isotherm assumes ideal b eha viour� with constan t ad�

sorption in tensit y for all sites up to mono�la y er co v erage� the FF G isotherm is deriv ed b y

considering lateral in teractions b et w een adsorb ed sp ecies ���ULR�STU�� These in terac�

tions can re�ect con tributions from c hemical� electrostatic and solv ation energies� This

correction for non�ideal b eha viour is analogous to the calculation of activit y co e�cien ts

for solutes�

The F reundlic h Isotherm Eq� �VI I���	 is an empirical relationship that often predicts

trends in surface concen tration with c hanges in solution concen tration�

� � K C

�aq�

� �m

�VI I���	

It deriv es from consideration of a heterogeneous surface where the adsorption in tensit y

of the sites is de�ned b y an exp onen tial distribution ��
AD A�� K and � �m are empirical

parameters �tted to a log�log plot of the data� Unlik e the Langm uir isotherm� where

the adsorption in tensit y is constan t and there is a �xed n um b er of adsorption sites� the

F reundlic h equation do es not collapse to a linear isotherm at lo w solution concen trations

of the adsorbate� and do es not reac h a de�ned maxim um at high concen trations�

Sc hindler and Stumm ���SCH�STU�� p oin t out that curren t understanding of factors

resulting in non�ideal adsorption b eha viour is p o or� Changes in adsorption in tensit y

with surface co v erage of c harged sp ecies is often attributed to an electrostatic energy

con tribution to the total adsorption energy �Eq� �VI I���		� This con tribution corresp onds

to the Coulom bic energy required to mo v e ions from the electrically�neutral solution bulk

to the c harged surface� The Coulom bic energy is de�ned b y Eq� �VI I���	 where z is the

c harge of the adsorbing ion� F is F arada y s constan t ��� 
 ��
 C � mol

� �

	 and # is the

p oten tial di�erence b et w een the surface� #

�

and the bulk of the solution� #

�

� Because

of the electroneutralit y condition in the solution bulk �#

�

� 
	� # is iden tically equal to

the surface p oten tial� It is not p ossible to determine #

�

exp erimen tally �

!

ads �

G

m

� !

c hem �

G

m

� !

coul �

G

m

�J � mol

� �

	 �VI I���	

!

coul �

G

m

� z F # �J � mol

� �

	 �VI I���	
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Surface complexation

The constan t capacitance mo del calculates the surface p oten tial from the surface c harge

assuming a linear capacitance relationship �Eq� �VI I���		� where � is the c harge densit y

�C � m

� �

	 and 
 is the sp eci�c capacitance � F � m

� �

	� The Coulom bic energy term can

th us b e related to the surface concen tration ��	 of an adsorbing ion with c harge z b y

Eq� �VI I���	 where surface c harge densit y is measured as surface excess of c harged ions�

� �mol � m

� �

	� and then con v erted b y � � F � �C � m

� �

	� Substituting Eq� �VI I���	 in to

Eq� �VI I���	 and taking the an tilogarithm yields Eq� �VI I���	 where K

ads

re�ects the

adsorption in tensit y � and K

c hemical

corresp onds to the con tribution of !

c hem �

G

m

to the

adsorption in tensit y �

# � � �
 � � z F �
 �V	 �VI I���	

!

coul �

G

m

�

�� z F 	

�




�J � mol

� �

	 �VI I���	

K

ads

� K

c hemical

exp

�

� �� z F 	

�

RT 


�

�VI I���	

Eq� �VI I���	 corresp onds to the empirical relation for the dep endence of adsorption in�

tensit y on surface co v erage �Eq� �VI I���		� where A � �

T

� z F 	

�

� � RT 
a S 	� Other ph ysical�

c hemical mo dels for surface p oten tial ha v e b een used� but their description is b ey ond the

scop e of this c hapter� The reader is referred to Sc hindler and Stumm ���SCH�STU� and

included references�

Three p ossible causes of non�ideal adsorption b eha viour can no w b e outlined�

���SCH�STU��

� a heterogeneous surface with a distribution of adsorption in tensities�

� lateral in teractions b et w een adsorb ed sp ecies� and

� electrostatic and solv ation e�ects for adsorption of ions on a c harged surface�

T able VI I�� �data from Gustafsson� ���GUS�	 summarises an adsorption mo del of sul�

phate exc hange for h ydro xide ions on whole soil� based on non�ideal adsorption b eha viour�

and observing the empirical dep endence of adsorption in tensit y with surface co v erage� As

outlined ab o v e� this mathematical mo del for adsorption is a result of considering either

lateral in teractions b et w een adsorbate sp ecies� or coulom bic energy con tributions to the

adsorption in tensit y �

Figure VI I��a sho ws a plot of the data referred to in T able VI I��� The smo oth dep en�

dence b et w een surface co v erage and proton concen tration can easily b e linearised b y a

semi�logarithmic plot of � vs � pH ���GUS�� The mo del presen ted in T able VI I�� pro vides

a thermo dynamic description of the reaction� Figure VI I��b sho ws the linear relation pro�

vided b y the thermo dynamic mo del� and the line obtained b y using a b est �t pro cedure

to estimate the adsorption in tensit y parameter at the reference state for the surface� �

� s

�

�
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T able VI I��� Non�ideal b eha viour for sulphate adsorption on soil� The data w ere obtained

from v alues plotted in Ref� ���GUS�� where Gustafsson demonstrated that the empirical

relationship sho wn in Figure VI I�� is linearized on a semi�logarithmic plot of � versus


 pH�

Stoic hiometric Reaction�

� � SOH � SO

� �
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surf � � � �

	 
 � S

�

SO

�

�

�


 � SOH�

�


H

�

�

�


SO

� �

�

�

�

� �

Mass Balance �let one adsorption site b e de�ned as � � F eOH��
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�

Adsorption Mo del� where e
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re�ects c hange in adsorption in tensit y with

surface co v erage �see text��
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where g ��� 	 log
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SO
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�

�� Plotting g ��� vs � � for a

data set of � measured at kno wn v alues of pH and 
SO

� �

�

� allo ws a linear regres�

sion of the data to obtain log

��

�
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as the in tercept� and b as the slop e� see

Figure VI I��a�
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Surface complexation

Figure VI I��� An empirical relationship sho wing the amoun t of surface�b ound sulphate

corresp onding to dissolv ed proton concen tration for a n um b er of Sw edish soils is sho wn

in the upp er diagram �from ���GUS�	� The b ottom graph sho ws the determination of

the conditional stabilit y constan t for� 
 � SOH � SO

� �

�

� 
 H

�

�

�
� S

�

SO

�

� 
 H

�

O�l	 �see

equations in T able VI I��	� The slop e of the line re�ects the degree to whic h the conditional

constan t is a�ected b y surface co v erage� This dep endence is conceptually similar to using

activit y co e�cien ts in order to accoun t for the e�ects of ionic strength on the stabilit y of

solution complexes�
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and the empirical co e�cien t� A � used in Eq� �VI I���	 to correct the activit y of adsorb ed

sulphate for surface co v erage�

It is reasonable to assume that for adsorption in a complex matrix suc h as soil� surface

heterogeneit y will result from a wide distribution of sites �organic material� cla y minerals�

calcite� iron o xides� organic coatings and mineral precipitates on these surfaces	 ha ving

di�eren t free energies of adsorption for sulphate� Electrostatic e�ects and lateral in ter�

actions b et w een adsorb ed ions ma y pla y a role as w ell� This example demonstrates that

adsorption b eha viour in a complex system can b e mo delled with relativ ely simple math�

ematical to ols� The fundamen tal principle underlying this approac h is� ho w ev er� formal

application of the thermo dynamic la w of mass action using a simple stoic hiometric reac�

tion mo del for the in teraction b et w een uno ccupied surface sites and the adsorbing solute�

Non�idealities are accoun ted for b y using an empirical activit y co e�cien t for the surface

sp ecies�

VII���
� Char ge d surfac es and ion exchange

VII���
��� Origins of surfac e char ge

The aquated surfaces of solid phases acquire c harge in three w a ys �Figure VI I��	�

� Adsorption of solution sp ecies �generally � but not necessarily c harged	 whic h create

surface c harge up on adsorption�

� lattice imp erfections in crystalline solids including ion v acancies and isomorphic

substitution b y c harge�excess or c harge�de�cien t ions�

� structural incorp oration or h ydrophobic adsorption of organic p olymers with ionic

functional groups that act as strong or w eak acids and bases�

Eq� �VI I���	 de�nes the net surface c harge densit y � � 	 with units C � m

� �

�

� � �

�

� �

H

� �

s

�VI I���	

�

�

is the p ermanen t structural c harge� �

H

is the c harge due to protons in the absence

of other c harged sp ecies and �

s

is c harge densit y due to adsorption of all other sp ecies

whic h create surface c harge� M

n �

� L

p �

� Based on the concepts outlined in T able VI I�
�

Eqs� �VI I��
	 and �VI I���	 relate c harge densit y to the adsorption densit y of c harged

surface complexes� F arada y s constan t � F � �� 
 ��
 C � mol

� �

	 con v erts mol of adsorb ed

ions to the equiv alen t amoun t of c harge� The terms nm

� �

and q � r � p � �	 are the

c harges on surface complexes formed b y metal and ligand adsorption� resp ectiv ely �see

T able VI I�
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Surface complexation

Figure VI I��� The origins of surface c harge� These diagrams are not structural form ulas�

but generalised illustrations of the origins of surface c harge� In eac h diagram� the bulk

phase is to the left of the shaded �surface�� aqueous solution is to the righ t� � a 	 Adsorp�

tion and desorption of c harge�determining�ions at an aluminium o xide surface results in a

v ariable�c harge surface� � b 	 Structural v acancies� or substitutions b y c harge�de�cien t net�

w ork cations in the bulk of silicate minerals �suc h as cla ys	� results in net negativ e c harge�

The Si�IV	 atom that is missing from the v acan t site leads to a net c harge de�ciency

of � � for the structural group that is sho wn� � c 	 Structural incorp oration or adsorb ed

organic p olymer units ha v e ionisable functional groups that acquire c harge through proto�

nation� deprotonation or complexation reactions with solutes� reprin ted with p ermission

from ���BAN��

In the absence of p ermanen t structural c harge or c harged surface complexes other than

those in v olving adsorption or desorption of protons� the pH at whic h the surface has net

zero c harge �pH

nzc

	 is the same as the pH of the zero proton condition �pH

zp c

	� i�e �� no net

adsorption�desorption of protons corresp onds to zero net surface c harge� Adsorption of

cations as c harge�determining sp ecies at the pH

zp c

� will add c harge and displace protons

according to the reactions listed in T able VI I�
� pH w ould then ha v e to increase further�

in order for additional protons to desorb su�cien tly � to restore the zero c harge condition�

pH w ould ha v e to decrease� to cause enough protons to re�adsorb� in order to restore the

zero proton condition�

Adsorption of anions at the pH

zp c

will remo v e c harge and add protons at the surface

�see T able VI I��	� In this case� the pH w ould ha v e to decrease in order for protons to

adsorb su�cien tly to restore the zero c harge condition� The pH w ould ha v e to increase in

order to restore the zero proton condition� Figure VI I��
 sho ws trends in surface c harge

and surface acidit y during titration of the surface with solutes that form c harged surface

complexes�
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Figure VI I��
� Qualitativ e diagrams for titration of h ydro xyl groups at mineral surfaces�

from ���BAN�� Surface c harge is the densit y of c harge equiv alen ts due to adsorb ed ions �Q�

mol � m

� �

	� Surface acidit y de�nes the net gain or loss of adsorb ed protons with resp ect

to the zero proton condition ��

H

� �

OH

� mol � m

� �

	� In the absence of c harge�determining�

sp ecies other than protons and h ydro xide ions� the pH of zero net c harge �pH

znc

	 equals

the pH of zero proton condition �pH

zp c

	� Cation adsorption increases surface c harge and

displaces protons� causing decreasing surface acidit y � Anion adsorption decreases surface

c harge and displaces h ydro xide ions� causing an increase in surface acidit y �based on

���STU�MOR�� p ����� reprin ted with p ermission from ���BAN�	�
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VII���
��� The ele ctric al double layer

Charged surfaces in con tact with electrolyte solutions ac hiev e c harge neutralit y b y di�u�

sion of solution coun ter�ions to the c harged surface� Figure VI I��� represen ts the structure

of the c harged surface and the resulting electrical double la y er� T able VI I�� summarises the

Gouy�Chapman di�use la y er mo del for relating surface c harge� � � to surface p oten tial� #

�

�

This di�ers from the constan t capacitance mo del in that the sp eci�c capacitance c hanges

with the double�la y er thic kness� Mo dels for relating surface c harge and surface p oten tial

ha v e b een previously summarised and discussed b y W estall and Hohl ��
WES�HOH��

VII���
��� Ion exchange r e actions

Coun ter�ions within the di�use la y er are mobile and th us free to exc hange with ions of

the bulk electrolyte� The Gouy�Chapman mo del predicts the distribution of exc hange�

able ions at an idealised c harged surface� and the dep endence on coun ter ion c harge and

ionic strength �Figure VI I���	� The distribution of c harges within the in terfacial region of

real systems is complex� Exc hangeable ions and h ydration w ater di�use in to cla y mineral

in terla y ers� The degree of h ydration is not generally kno wn and the activit y of w ater ma y

depart from unit y � Lateral in teractions o ccur b et w een exc hangeable sp ecies in the double

la y er� and also b et w een exc hangeable sp ecies and c harged surface complexes� H" ogfeldt

���HOG� and Marinsky ���MAR� resp ectiv ely review their empirical and theoretical mo d�

els for non�ideal b eha viour of the exc hanger surface�

The ionic comp osition of the double la y er will re�ect the c hemical activit y of the

coun ter�ions in the bulk electrolyte� If it is assumed that the activit y of exc hangeable

sp ecies in the double la y er remains appro ximately constan t for small c hanges in the c hem�

ical comp osition of the double la y er� then conditional equilibrium constan ts can b e de�

�ned� These constan ts can b e exp erimen tally assessed for conditions of kno wn solution

and double la y er comp osition� and �xed temp erature and pressure� The total c harge in

the double la y er will re�ect the net surface c harge arising from the con tributions outlined

in Section VI I������� V ariations in total double la y er c harge will therefore b e restricted

to an order�of�magnitude for c hanges in surface co v erage of c harge�determining sp ecies of

b et w een appro ximately �
$ and �
$ of the total sites�

Applying the thermo dynamic la w of mass action pro vides an empirical description of ion

exc hange reactions in complex natural systems� Soils or ro c k fracture �llings� for example�

will consist of a highly heterogeneous mixture of mineral and organic surfaces� In spite

of these complexitie s� formal application of thermo dynamic mass action la ws can predict

trends in ion�exc hange b eha viour and pro vide estimates of ion�exc hange capacities�

T able VI I�� summarises a quan titativ e application of thermo dynamics to ion�exc hange

b eha viour in a h ydraulically�conductiv e fracture whic h con tains cla y minerals as fracture�

�llings� The case study demonstrates the role of groundw ater dilution on ion�exc hange

b eha viour� During construction of the

"

Asp" o Hard Ro c k Lab oratory in Sw eden� saline

groundw ater in a conductiv e fracture zone w as extensiv ely diluted b y increased rec harge�

In Figure VI I��
� the trend in Na

�

and Ca

��

ion concen trations in the groundw ater can�
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T able VI I��� The relationship b et w een surface c harge and electrical double�la y er p oten tial�

�� Gouy�Chapman di�use la y er mo del�

� 	

�

� � ��

	

RT 		

�

C

�

� � �

sinh

�

Z �

�

F

� RT

�

where�

� is the surface c harge densit y � C � m

� �

�

�

is the surface p oten tial� V

R is the molar gas constan t� � � ��� J � K

� �

� mol

� �

	 is the dielectric constan t of w ater� dimensionless

	

�

is the p ermittivit y of v acuum� � � ��� � ��

� ��

C � V

� �

� m

� �

F is the F arada y�s constan t� �� ��� C � mol

� �

T is the temp erature� K

C is the molar concen tration of a ��� electrolyte� mol � l

� �

Z is v alen t c harge on ��� electrolyte


� Double la y er thic kness �in units of m	� � � � �


�

�

	 �� � ��

	

F

�

I � � � 		

�

RT �

where� I 	

�

�

P

i

� Z

�

i

C

i

� is the ionic strength� mol � l

� �

� and C

i

is

the concen tration of an ion of the bac kground electrolyte�

�� Appro ximations v alid for #

�

� 
� mV�

� 	 		

�

� �

�

� 	 �

�

e

� ��

A t ��

�

C� 	 	 �� � �� and the c harge densit y � p oten tial relationship

simpli�es further to�

� 	 � � �

p

I �

�
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Surface complexation

Figure VI I���� The relation b et w een in terfacial c harge and p oten tial distribution through

the electrical double�la y er� � a 	 The in terfacial region is conceptually divided in to t w o

la y ers� a la y er of �xed c harge and a di�use la y er of mobile coun ter ions� � b 	 The p oten tial

in the di�use la y er decreases with distance a w a y from surface� The double la y er thic kness

dep ends on the bulk electrolyte comp osition and the surface c harge� � c 	 The double

la y er p oten tial and thic kness decrease with increasing c harge � Z � � 
 
 
 �	 of a �


� 	

M

��� electrolyte� � d 	 The double�la y er p oten tial and thic kness decrease with increasing

concen tration of a ��� electrolyte with mono v alen t c harge� Z � �� Calculations are based

on the equations giv en in T able VI I��� assuming a �xed surface c harge densit y of �


� �

eq �

m

� �

� whic h corresp onds to lo w c harge densit y for mineral surfaces� ab out �$ surface

co v erage b y mono v alen t surface sp ecies on silica� reprin ted with p ermission from ���BAN��
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Aqueous Sp eciation at the In terface Bet w een Geological Solids and Groundw ater

Figure VI I��
� The ratio of so dium and calcium activit y in solution �mol � l

� �

	� plotted

according to the thermo dynamic mass la w giv en in T able VI I��� The data corresp ond to

a wide range of deep groundw ater dilutions observ ed during construction� and the result�

ing enhanced rec harge� of the

"

Asp" o Hard Ro c k Lab oratory � The �lled squares are �eld

observ ations� the op en circles represen t ion ratios assuming dilution of saline groundw ater

without ion�exc hange� The steep transition in the ion ratio up on dilution is due to ion�

exc hange� The dashed horizon tal line corresp onds to the ionic comp osition of the original

saline groundw ater at the site� So dium and calcium ions dominate the con tribution of

cations to the c harge balance of the groundw ater� and are used to determine the degree of

dilution� Because sulphate and bicarb onate ions pro vide dominan t con tributions to the

c harge balance in dilute w ater� Cl

�

is unreliable as a conserv ativ e tracer for groundw ater

dilution o v er the range of dilution observ ed�
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Surface complexation

T able VI I��� Ion�exc hange equilibria during dilution of saline groundw aters� See Ref�

���VIA�BR U��

Stoic hiometric Reaction�

� NaR � Ca

��

�

�
CaR � � Na

�

log

��

K

ex

� � � 
�� 	
�VIA�BR U


where �NaR� and �CaR� are the Na

�

and Ca

��

ions in the ion�exc hanger� resp ectiv ely �

Thermo dynamic Mass Action La w�

K

ex

�

f

CaR

X

CaR

� f

NaR

X

NaR

�

�

f Na

�

g

�

f Ca

��

g

where�

X

CaR

� � 	Ca

��




ex

� S

T

� molar fraction of Ca in the ion�exc hanger

X

NaR

� 	Na

�




ex

� S

T

� molar fraction of Na in the ion�exc hanger

S

T

� ion�exc hange capacit y

f

CaR

� activit y co e�cien t for Ca

��

in ion�exc hanger

f

NaR

� activit y co e�cien t for Na

�

in ion�exc hanger

Mass Balance�

�� Surface sites� � � X

NaR

� X

CaR

�� T otal Na

�

� X

NaR

� �S

T

X

NaR

�

� x	Na

�




�

� 	Na

�


� � S

T

where� 	Na

�




�

� initial so dium ion aqueous concen tration

X

NaR

�

� ion�exc hanger Na

�

molar fraction in equilibrium with 	Na

�




�

b efore dilution

	Na

�


 � so dium ion concen tration after dilution

X

NaR

� ion�exc hanger Na

�

molar fraction in equilibrium with diluted groundw ater

Adsorption Mo del�

Obtained b y sim ultaneous solution of the thermo dynamic mass action la w and mass

balances � and � with unkno wns X

NaR

� X

CaR

and S

T

� and assuming f

NaR

� f

CaR

� ��

Fitted constan ts� cf � Figure VI I����

K

ex

� � � � � � � �

S

T

� � � ��� mol � l

� �
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Aqueous Sp eciation at the In terface Bet w een Geological Solids and Groundw ater

Figure VI I���� Thermo dynamic mo delling of the so dium and calcium ion�exc hange re�

action during groundw ater dilution at the

"

Asp" o Hard Ro c k Lab oratory � Sw eden� yields

the follo wing plot of surface Na

�

concen tration vs � solution Na

�

activit y �see equations

in T able VI I��	� Although the ratio of �Na

�

���Ca

��

� remains fairly constan t at the site�

dilution ev en tually fa v ours the div alen t ion on the exc hanger surface� and causes Na

�

to

b e displaced� This transition is observ ed for these w aters at around 
�
� M Na

�

�
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not b e understo o d as a result of pure dilution� but indicates t w o di�eren t ion�exc hange

regions with a sharp transition b et w een them� Figure VI I��� sho ws the so dium ion�

exc hange isotherm obtained from the thermo dynamic mo del giv en in T able VI I��� The

sharp transition in ion ratios observ ed in the groundw ater� results from the sharp de�

crease in selectivit y of the ion�exc hange surfaces for Na

�

up on dilution b elo w �Na

�

� �


�
� M� This decrease in selectivit y for mono v alen t ions up on dilution is w ell�kno wn for

ion�exc hange b eha viour � cf � ���BAN�	�

VII����� Thermo dynamic descriptions of c omplex adsorption systems

There is often little detailed information on con taminan t adsorption b eha viour in complex

systems suc h as soils or granite fractures �lled with a v ariet y of secondary minerals� Ho w

migh t one gain some understanding without in v esting enormous amoun ts of time and

money on detailed exp erimen tal in v estigations%

The thermo dynamic mass action la ws and mass balances describ ed in T able VI I�
 can

b e implem en ted in geo c hemical co des that calculate aqueous sp eciation� th us including

adsorption as surface complexation� If the electrostatic in teraction of c harged surfaces

with ions is considered� a mathematical mo del of the electrical double�la y er m ust b e

included� There are sev eral di�eren t approac hes that ha v e b een previously review ed and

compared b y W estall and Hohl ��
WES�HOH��

In the absence of detailed thermo dynamic information for adsorption reactions� ho w


�




Surface precipitation

migh t one estimate surface sp eciation% F or adsorption on inorganic surfaces� the data

compilation of Dzom bak and Morel ��
DZO�MOR� allo ws mo delling of adsorption on

h ydrous ferrous o xide as an analogue for adsorption on other o xide minerals� Sc hindler and

Stumm ���SCH�STU� demonstrate that thermo dynamic data for h ydrolysis in solution

and trace metal adsorption on mineral surfaces correlate relativ ely w ell� The authors also

demonstrate that for ligands� the tendency to form solution complexes with F e

	�

or Al

	�

correlates with the relativ e tendency of suc h ligands to adsorb on to F e� and Al�o xides�

The relativ e tendency for ligands and metals to adsorb through surface complexation

reactions is th us re�ected in the data for adsorption on h ydrous ferrous o xide� compiled

b y Dzom bak and Morel ��
DZO�MOR�� and in the extensiv e compilations of thermo dy�

namic data for complexation in solution � cf � Chapter I� p ���	� Application of suc h data to

calculation of surface sp eciation and th us adsorption for complex systems will not neces�

sarily pro vide a quan titativ e prediction of adsorption b eha viour� but can indicate exp ected

trends in adsorption with master v ariables suc h as pH� redo x state of the sorb en t� ionic

strength�

VI I��� Surface precipitation

VII����� The tr ansition fr om adsorption to surfac e pr e cipitation

If a solid solution or new phase is formed at the mineral�w ater in terface� the dep endence

of surface excess on solute activit y c hanges dramatically from that predicted b y adsorp�

tion equilibrium� Figure VI I��� sho ws the relationship b et w een surface excess and solute

activit y for transition b et w een adsorption equilibrium� formation of a solid solution� and

�nally transition to a new surface phase�

Adsorption equilibrium is c haracterised b y surface co v erage augmen ting with increasing

solute activit y � The adsorption maxim um corresp onds to formation of a mono�la y er� i�e ��

all a v ailable adsorption sites are �lled�

A further increase in solute activit y is then asso ciated with formation of a surface

co�precipitate where the solute is not only adsorb ed on to surface sites� but forms a solid�

solution� or a separate phase� b y structural incorp oration in to the underlying mineral�

F or formation of a solid solution� the activit y of the minor comp onen t con tributed

b y the adsorbate is appro ximately equal to its molar fraction� The adsorption densit y �

and th us molar fraction� of the adsorbate increases with increasing solute activit y in

solution� If the molar fraction of the comp onen t con tributed b y the adsorbate b ecomes

dominating� its activit y ma y approac h unit y � This limiting case results in a �xed solute

activit y in solution� dictated b y solubilit y equilibrium with the new surface precipitate�

Alternativ ely � direct formation of a new solid phase b y the adsorbate ma y o ccur� As the

new phase gro ws� it will ev en tually co v er the en tire surface of the original mineral� In this

case� the solute activit y will b e �xed b y the solubilit y of the new phase�
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Aqueous Sp eciation at the In terface Bet w een Geological Solids and Groundw ater

Figure VI I���� A conceptual isotherm describing the transition b et w een adsorption equi�

librium and surface�precipitation equilibrium at the mineral�w ater in terface� The relation�

ship b et w een surface excess and solute activit y c hanges dramatically across the transition

region� F or adsorption equilibrium� surface activit y dep ends on solute activit y � un til sur�

face excess approac hes the adsorption maxim um corresp onding to mono�la y er co v erage�

where surface excess b ecomes indep enden t of solution activit y � Higher solute activities are

asso ciated with formation of a new surface phase� Establishmen t of solubilit y equilibrium

with the new phases is asso ciated with a �xed solution activit y that is indep enden t of

surface excess� and dep ends only on the activit y of the new solid phase�

      �      �
mol · m-2

               �T Adsorption Maximum

  Adsorption          Co-Precipitation

                  
{a}so

          {a}   mol · l-1

solubility-limited
solution activity

precipitation of
new phase on
surface

VII����� The c onditional solubility c onstant for surfac e pr e cipitation�c o�

pr e cipitation

A relativ ely simple thermo dynamic approac h can b e used to calculate surface�

precipitation� Bruno et al � ���BR U�P AB� recen tly describ ed the co�precipitation of ura�

nium�VI	 on to iron h ydro xide using this metho d� The solubilit y of the individual end�

mem b er o xide phases presen t can b e manipulated to pro vide a conditional solubilit y con�

stan t for the trace elemen t phase that is formed as U�VI	 precipitates on to the iron

h ydro xide�

The solubilit y equilibrium of iron h ydro xide and uranium o xide are de�ned according

to the follo wing stoic hiometric equations and corresp onding thermo dynamic mass la ws

where the activit y of w ater is assumed unit y �

UO

�

�OH	

�

�s	 � 
 H

�

�

�
UO

��

�

� 
 H

�

O�l	 �VI I��
	

F e�OH	

	

�s	 � � H

�

�

�
F e

	�

� � H

�

O�l	 �VI I���	


�




Implications for con taminan t h ydrogeology

K

s��F e�

�

�F e

	�

�

�H

�

�

	

f F e�OH	

	

�s	 g

�VI I���	

K

s��U�

�

�UO

��

�

�

�H

�

�

�

f UO

�

�OH	

�

�s	 g

�VI I���	

If the minerals are treated as ideal solid solutions� then the activit y of the uranium o xide

comp onen t can b e appro ximated b y its molar fraction �Eq� �VI I���		� The conditional

solubilit y constan t for uranium� K

�

s��U�

� whic h will dep end on the molar fraction of uranium

o xide in the host iron o xide� is describ ed b y Equation �VI I���	�

f UO

�

�OH	

�

�s	 g � X �VI I���	

K

�

s��U�

� K

s��U�

� X � �UO

��

�

� � �H

�

�

�

�VI I���	

The imp ortan t conclusions from this simple approac h to mo delling surface

precipitation�co�precipitation of uranium as a trace metal are�

� The conditional solubilit y of uranium�VI	 can b e estimated from existing thermo�

dynamic data�

� X will b e sev eral orders�of�magnitude less than �� since uranium is a trace elemen t

and will only b e asso ciated in min ute quan tities with the F e�OH	

	

�s	�

� therefore� for X � �� the dissolv ed concen tration of uran yl ion �UO

��

�

� will b e m uc h

lo w er than if in equilibrium with the pure uranium phase�

Bruno et al � ���BR U�P AB� demonstrate that this approac h successfully explains the

concen trations of dissolv ed uranium in lab oratory exp erimen ts and some natural w aters�

The authors p oin t out that v ery similar solute activities are predicted b y surface complex�

ation mo delling� i�e �� assuming only adsorption without surface precipitation� Although

no distinction b et w een adsorption mec hanism or surface structure can b e made on the

basis of thermo dynamic information� one adv an tage of the conditional solubilit y constan t

approac h is the simplicit y of this t w o�parameter mo del� K

s��U�

is a v ailable from tabulated

thermo dynamic data and X can b e exp erimen tally determined b y analysing the uranium

con ten t of iron h ydro xide phases�

VI I��� Implications for con taminan t h ydrogeology

VII����� R eversible p artitioning of c ontaminants

P artitioning b et w een the mobile aqueous phases and immobile solids is an imp ortan t pro�

cess that m ust b e understo o d in assessing the risk p osed b y subsurface con taminan ts�

Although this c hapter fo cuses on the thermo dynamic description of rev ersible adsorp�

tion reactions� a k ey area of curren t researc h is the rev ersibilit y and kinetics of adsorp�

tion�desorption reactions� This has b een recen tly summarised and discussed b y Charlet

���CHA�� and has profound implications for con taminan t transp ort in the subsurface�
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Aqueous Sp eciation at the In terface Bet w een Geological Solids and Groundw ater

T able VI I�� presen ts t w o mo dels for the retardation of adsorbing con taminan ts� In the

�rst case� adsorption is con trolled b y rev ersible reactions where the ratio of total adsorbate

on the solid phase�s	 to that in solution can b e mo delled using thermo dynamic descriptions

of the adsorption reactions� as presen ted in the examples ab o v e� The general approac h

to describing solution and surface complexation reactions in T able VI I�
 can b e used to

de�ne a conditional K

d

v alue that describ es the partitioning as in Eq� �VI I��	� T able VI I��

sho ws the general form of the distribution co e�cien t� K

d

�based on ���SIG�XUE�	�

Insp ection of the equation de�ning K

d

in T able VI I�� sho ws that it dep ends on the

conditional thermo dynamic constan ts

�

�

s

� � �

� �

q

�

�

�

q

whic h in turn dep end on temp erature�

pressure and ionic strength� The K

d

v alue dep ends on �H

�

�� th us pH� It also dep ends on

the concen tration of the adsorb en t sp ecies� � � SOH�� whic h dep ends in turn on c hemical

sp eciation� � � SOH� ma y b e tak en as the total concen tration of surface sites for adsorption

of trace elemen ts at the conditions of pH and ionic comp osition of the groundw ater where

� SOH predominates� i�e �� in the notation in T able VI I�
� �S� � �SM

m

�� �S�H

r

L	

q

�� �S

�

��

�S

�

�� Under these conditions� the concen tration of a v ailable adsorption sites approac hes

the adsorption capacit y �S�

T

� �

T

a�

b

�

� �

�

It is also imp ortan t to note that the molar concen tration of surface sites �S� �mol �

l

� �

	� dep ends not only on the surface concen tration of sites �

SOH

�mol � m

� �

	� but also

on the ph ysical parameters con trolling the sp eci�c surface area and solid�solution ratio�

�

b


 �
 a �This mo del for K

d

demonstrates that the partitioning of con taminan ts in the

subsurface dep ends not only on the in tensit y parameters of the con taminan t�groundw ater

c hemical system� but also on the ph ysical prop erties of the geological medium� Because

these prop erties are kno wn to v ary spatially � the partitioning of con taminan ts can b e

exp ected to exhibit an asso ciated spatial heterogeneit y �

T able VI I�� explicitly presen ts the expression for K

d

so that all terms re�

�ecting ph ysical�c hemical prop erties of the geological medium are collected to�

gether and written separately� �

SOH

a �

b

�

� �

� If relativ ely go o d thermo dynamic

data exist� then the term con taining the c hemical in tensit y parameters and pH�

�

P

k

�

�

surf � � � �

�H

�

�

� �

	 � �� �

P

j

P

q

�

q

�H

�

�

q r

�L

p �

�

q

�

P

q

�

�

q

�H

�

�

� q

	� can b e calculated inde�

p enden tly � F or a single geological medium with sp eci�ed ph ysical�c hemi cal prop erties�

these prop erties will b e the same when calculating K

d

v alues for an y adsorbing sp ecies�

If the term con taining the c hemical in tensit y parameters is reliable� at least the relativ e

v alues for conditional K

d

v alues can b e compared� This ma y b e useful ev en if considerable

uncertain t y ma y exist for the param ters in the term� �

SOH

a �

b

�

� �

�

The role of adsorption in trace metal transp ort in the sub�surface can b e qualitativ ely

discussed b y considering the limiting case where the conditional partitioning co e�cien t

is constan t along a groundw ater �o w path� This w ould b e the case only if the v ariables

that a�ect K

d

w ere constan t� In real systems� this is usually not the case� The relativ e

concen tration of sorb en t sites �S� can v ary extensiv ely due to the ph ysical and c hemical

heterogeneit y of the geological media� i�e �� pH� redo x status� ma jor ion concen trations�

mineralogy � organic carb on con ten t� p orosit y � bulk densit y etc�� c hange along the �o w

path� In addition� if the con taminan t is presen t in concen trations that approac h the

concen tration of a v ailable adsorption sites� the v alues for �S� that in�uence K

d

will c hange
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T able VI I��� Comparison of rev ersible and irrev ersible adsorption e�ects on con taminan t

retardation�

F or adsorption of dissolv ed metal ions b y formation of ��� surface complexes�

K

d

�

C

�sur�

C

�aq�

�

P

k

�

�

surf � � � �

� � SOH� �H
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� �

� �
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j
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q
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q
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�

q r

�L

p �

�

q

�
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q

�

�

q

�H

�

�

� q

where� � � SOH� � �

SOH

a�

b

�

� �

� � SOH� refers to the concen tration of free adsorption sites for a particular surface�

k � and will b e di�eren t for eac h surface presen t dep ending on the mineralogy

and organic carb on con ten t of the geological media� F or surfaces where � SOH

dominates� and for adsorption of only trace concen trations of a con taminan t�

� � SOH� approac hes the total adsorption capacit y � Con v erting surface excess

��

SOH

�mol � m

� �

		 to molar concen tration �� � SOH� 
 mol � l

� �

	 requires ph ysical

information ab out the geological medium� bulk densit y � sp eci�c surface area and

p orosit y �

Retardation factor for linear adsorption equilibrium with constan t K

d

�

v is the a v erage v elo cit y of groundw ater �o w

v

c

is the a v erage v elo cit y of con taminan t mo v eme n t

R � v �v

c
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d
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Retardation factor for irrev esible adsorption�
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� �S�
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� �
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� �
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as adsorption or desorption o ccurs�

The mo del of a constan t K

d

th us refers to adsorption of a trace con taminan t� Hence

the concen tration of free adsorption sites and free ligand concen trations are m uc h greater

than the con taminan t concen trations� and do not c hange appreciably up on adsorption�

desorption or complexation of the con taminan t� In addition� this mo del assumes that

the geological medium and groundw ater comp osition along the �o w path do not v ary

signi�can tly �

In this case� the mean v elo cit y of groundw ater mo v em en t� compared with that of the

con taminan t� is the retardation factor R � where R � � � K

d

� Deriv ation of R � and the

limitations to this concept are discussed in detail b y App elo and P ostma � pp � ������� in

���APP�POS�	�

VII����� Irr eversible adsorption

The free energy of a surface sp ecies ma y c hange irrev ersibly if the solid phase is metastable�

An example is the aging of freshly precipitated h ydrous ferric o xide� Slo w deh ydration

reactions con v ert the initially amorphous F e�OH	

	

�s	 in to crystalline F eOOH�s	� During

this slo w transformation� surface reactions that go to completion relativ ely rapidly re�

main in quasi�equilibrium with the aqueous solution� Ho w ev er� as surface sites undergo

structural rearrangemen t during this pro cess� adsorb ed sp ecies suc h as metal ions ma y b e

incorp orated in to the crystal structure�

This transformation� although relativ ely slo w compared to adsorption� ma y tak e place

o v er time scales that are short compared to the time scale of mo delling in terest �p erhaps

y ears� decades� cen turies or millennia dep ending on the con taminan t and risk b eing ad�

dressed	� A reasonable appro ximation to a kinetic description of the pro cess is that of

instan taneous reaction� If the solubilit y of the phase formed main tains m uc h lo w er con�

taminan t ion activit y in solution than the initial adsorption equilibrium� then the uptak e

ma y b e appro ximated as irrev ersible adsorption� This appro ximation assumes that once

an ion is adsorb ed� it remains p ermanen tly asso ciated with the solid phase�

Under the assumption of instan taneous� irrev ersible adsorption� factors that con trol the

relativ e rates of transp ort for w ater and con taminan ts are the adsorption capacit y and the

aqueous concen tration of the con taminan t sp ecies� Again� the ratio of total adsorption

sites to v olume or mass of groundw ater dep ends on the ph ysical c haracteristics of the

geological medium� Con taminan t released from a source will b e instan taneously remo v ed

lo cally un til the lo cal adsorption capacit y is �lled� A con taminan t fron t will th us mo v e at

a rate that is less than that of groundw ater �o w�

The e�ect of retardation for rev ersible adsorption is the time needed to ��ll up� ad�

sorption sites un til the instan taneous equilibrium b et w een the surface and the solution

ac hiev es a solution concen tration that is equal to the upstream plume concen tration� In

the case of instan taneous� irrev ersible adsorption� the con taminan t will ��ll up� the total

adsorption capacit y a v ailable regardless of the concen tration in solution or on the surface�

Irrev ersible adsorption th us presen ts an upp er limit for retardation b y adsorption� It can

exhibit a m uc h longer time for con taminan t breakthrough do wnstream of a source� than


��



Implications for con taminan t h ydrogeology

that estimated from the K

d

v alue�

VII����� Coupling ge o chemistry and hydr o ge olo gy

Assessmen t of c hemical risk due to subsurface con taminan ts� and the cost of subsurface

w aste disp osal or remediation� dep ends critically on mo dels that predict con taminan t

breakthrough times and concen trations to sp eci�c targets� drinking w ater w ells� surface

w ater b o dies� geographical b oundaries to a con taminated site� It is imp ortan t to distin�

guish b et w een rev ersible and irrev ersible adsorption pro cesses� F or adsorption equilibrium �

detailed c hemical mo delling of aqueous sp eciation can pro vide conditional K

d

v alues that

are based on rigorous c hemical thermo dynamic principles� Ho w ev er� it ma y b e di�cult

to con v ert this c hemical information in to meaningful predictions of con taminan t break�

through along a sp eci�c streamline without also kno wing the spatial distribution and

v ariabilit y of the ph ysical prop erties� i�e �� distribution of�

� minerals with di�eren t surface c hemical prop erties�

� p ore v olume con taining solutes� and

� particle sizes with di�eren t sp eci�c surface areas�

F or systems where con taminan t partitioning is dominated b y c hemical equilibria� a

rigorous approac h to surface and solution sp eciation will pro vide a reliable description

of con taminan t c hemistry � The main problem is the spatial heterogeneit y of geological

media� If a rigorous c hemical approac h to con taminan t partitioning is used� discrepancies

b et w een observ ed and mo delled con taminan t b eha viour should b e more reliably assigned

to uncertain t y and v ariabilit y in the ph ysical c haracteristics of the system�
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