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Abstract Despite the large amount of data available, the
great effort put into searches for the ‘best’ parameters and
many comparative modelling studies, considerable uncer-
tainties continue to plague chemical thermodynamics. An
important factor in this ongoing failure has been the notion
that the problem can be solved by better assessment of data
quality on a case-by-case basis. This approach has proved
strikingly unsuccessful. A different methodology must
therefore be found to meet the general requirements of
thermodynamic modelling in aquatic chemistry. This paper
discusses current practices in quality assessment of ther-
modynamic data and the problems associated with them. It
outlines a general approach which might address the above
problem based on two concepts: (i) using large databases to
store as much of the available data as possible in the form
that it appears in the literature along with an assessed
‘score’ or ‘measure of information content’ and (ii) then
using automatic mechanisms informed by this score to
produce the thermodynamically consistent datasets needed
for modelling calculations.

This article is part of the Topical Issue “Quality Assurance of
Thermodynamic Data”.
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Introduction

Einstein considered thermodynamics was the only physical
theory that was so well based on experiment that it would
never be overthrown (quoted by Brecher in [1]). It is
therefore ironic that, despite the large amount of data
available, great uncertainties still prevail regarding chem-
ical thermodynamics.

The thermodynamics of aqueous solution chemistry is
especially difficult. First, many systems exhibit large
deviations from ideal behaviour even at quite low con-
centrations, because they are dominated by electrically
charged species. Since as yet there is no good fundamental
theory to describe the thermodynamic behaviour of con-
centrated aqueous electrolyte solutions, it has been
necessary to use empirical approaches, with all the limi-
tations that this implies (as described further below).
Second, a very serious challenge is posed by the rich
diversity of chemical reactions taking place in water, which
has made it impractical to treat them all in a way that is
truly comprehensive and systematic. Third, there is a
poorly recognised but general loss of chemical information
from the initial experimentation stage, through the pro-
cessing of the experimental data and then to the description
ultimately recorded in the chemical literature. All these
defects bear adversely on the quality of the thermodynamic
parameters available and of the calculations (models)
which use them.

For these reasons, serious discrepancies appear between
published equilibrium constants, enthalpies of reaction,
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heat capacities, etc., and these, in turn, have impacted
badly in comparative modelling studies held between
research groups for the purpose of determining best prac-
tice (in respect of both experimental technique and
methods of data manipulation).

While these disturbing outcomes are known well
enough, and have been for a long time, the problem itself
has evidently remained intractable. An important factor in
this ongoing failure has been the notion that the problem
can be solved simply by better assessment of data quality
on a case-by-case basis. Thus, highly reputable groups of
researchers such as those engaged in compiling the Nuclear
Energy Agency (NEA), Organisation for Economic Co-
operation and Development (OECD), volumes on ‘Chem-
ical Thermodynamics’ have pursued relentlessly original
data sources and have performed on these assembled data a
rigorous critical assessment by the world’s leading experts.
These laborious efforts have undoubtedly led to much
improved thermodynamic parameters for the chemical
systems which have been evaluated. However, there is no
sign from all this work that the overarching problem of
chemical modelling uncertainty has been solved. This is
because (i) the more data that are rejected, the smaller the
scope of systems which can be satisfactorily modelled and
(ii) there will always remain outstanding a very large
number of chemical systems—especially mixtures—which
have not, and cannot possibly be, subjected to the same
resource-intensive, narrowly focused assessment proce-
dure. In other words, the need for thermodynamic data to
model multicomponent electrolyte systems such as sea-
water is so vast that quality assurance by conventional
means is simply prohibitive. The open-ended nature of
thermodynamic data critical assessment is well illustrated
by the periodic substantive revisions of even the most
authoritative of databanks, including quite recently that of
the NEA (see [2]).

It follows that a different approach must be found to
meet the general requirements of thermodynamic model-
ling in aquatic chemistry. This paper outlines a general
attack on the above problem which hinges on two concepts:
(i) storing as much of the available data as possible in large
databases along with an assessed ‘score’ or ‘measure of
information content’ and (ii) using this assigned informa-
tion content to inform automatic mechanisms that then
produce the thermodynamically consistent dataset which is
used for model calculations. These databases should be
designed to hold the available data generally so that values
appear in a way that matches the literature source as clo-
sely as possible. The ‘information content’ ascribed
initially to the thermodynamic values reported in the lit-
erature needs to be carried through all these data
manipulations to determine the final parameters used for
modelling. In essence, this procedure allows the selection
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of data that maximises the overall thermodynamic infor-
mation available within the constraints imposed by
thermodynamic consistency. The hope is that this will lead
progressively to modelling calculations that are more
robust than they have been previously. It should also pro-
vide greater transparency, clearly linking modelling
outcomes to the source of the determining data. The ther-
modynamic parameters of choice will be, of course, still
subject to revision—sometimes dramatically—but the
changes should be less chaotic than previously because of
the inertia which can be expected to grow as the thermo-
dynamic databases become increasingly reliable, i.e. well
informed. The key idea is to get away from a black-and-
white perspective of values reported in the literature and,
rather, to recognise that all experimental data and the
thermodynamic parameters derived from them have a
varying degree of information content, which can be
assessed and, hence, exploited.

Current practice: quality assessment of individual
studies and choice of ‘best’ constants

As stated in the introduction, the currently accepted
approach is based on the assumption that uncertainty in
chemical thermodynamic calculations can be addressed
simply by a more rigorous assessment of data quality on a
case-by-case basis. This methodology always leads to a
singular selected ‘best’ set of thermodynamic parameters,
as briefly described below.

Although, in principle, the only way to assure accuracy of
thermodynamic data is to seek agreement between experi-
mental values from independent researchers, this is not
practical, given the number of possible chemical reactions
which need to be assessed. For instance, the JESS database
now has thermodynamic parameters associated with more
than 75000 chemical reactions [3]. Moreover, many thou-
sands of chemical reactions of potential interest have not yet
been adequately characterised. For this reason, researchers
have tried to extract the best possible information from
published data by evaluating them. The caveats generated by
these assessment exercises, in particular in the case of the
equilibrium constants, have been the subject of many rec-
ommendations (e.g., [4-7]). These guidelines are now
relatively well established and need not be discussed here in
detail. Briefly, when judging the quality of the data, it is well
known that one should look for (i) adequate underlying
theory, (ii) correct experimental technique, (iii) correct data
treatment and (iv) data reporting adequacy. These are the
principles of assessment used to choose the ‘best’ set of
constants when compiling so-called critically evaluated
datasets (e.g., NIST [8] and NEA [9] critical compilations,
TUPAC Ceritical Surveys of Stability Constants [10—13]) as
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well as databases in computer speciation codes (e.g.,
MINTEQA?2 [14], PHREEQC [15].). Unfortunately, such
guidelines provide at best the necessary set of conditions for
the data to be useful. In other words, they help to eliminate
entirely unsuitable values. However, they are insufficient,
particularly because they cannot effectively evaluate the
likely accuracy of the data. Real assessment requires
mechanisms which are difficult to codify because they are
subjective (e.g., assuming that data coming from reputable
laboratories are more likely than average to be of good
quality). The importance of such mechanisms in the final
selection of data has been acknowledged by well-known
critical compilers [16].

Chemical speciation calculations are typically per-
formed by using computer modelling packages that are
coupled with their own thermodynamic databases. Such
databases have usually been built by applying the criteria
mentioned above. However, they generally suffer from
certain additional problems, namely (i) the origin in the
chemical literature of the stored thermodynamic parame-
ters is generally obscure; (ii) the record of why particular
literature values have been selected in preference to others
is generally inadequate; (iii) sufficient documentation of
why certain data have been rejected are rarely, if ever,
available; (iv) gross errors can persist in such database for
many years before they are detected [17, 18] and (v)
standard state values tend to be stored without the corre-
sponding extrapolation functions and parameters used in
their derivation. All these problems are a direct conse-
quence of the manner in which thermodynamic data have
traditionally been handled. While problems (i)-(iii) are, in
principle, relatively easy to remedy, points (iv) and (v) are
not; these therefore merit some further discussion.

A recommended change of approach

First step: building databases which store assessed
information content

Current practices are characterised by a significant loss of
information content. This loss occurs throughout the pro-
cess of selecting the ‘best’ set of thermodynamic
parameters and is inherent in any selection procedure based
on a choice of the ‘best’ set of constants (i.e. involves
disregarding other measured values). The process also
suffers from a high likelihood of errors arising from data
transcription and manipulation. Both problems can be
significantly counteracted by retaining (in appropriately
designed databases) all available data, along with a corre-
sponding ‘score’ or ‘measure of information content’ to
reflect the assessed quality of each datum. The chemical
judgement and opinion of the experts who assign weights

to the different data according to its perceived quality is
therefore still required. However, information is then not
being discarded, and the inherently subjective nature of the
data quality assessment is made explicit.

The origin of many problems with existing databases is
the fact that their data are represented in a form different
from their source in the literature. Common errors include (i)
recording the wrong sign of the logarithm of equilibrium
constants—a surprisingly frequent error even in well-known
critical compilations—and (ii) mistaken manipulations
needed to transform the chemical reactions as expressed in
the literature source into the form used by the database,
particularly regarding the predetermined choice of species
whose concentrations or activities are to be treated as
unknown (the so-called master or basis species). The only
way of minimising these errors effectively is to represent
data in databases in a form as close as possible to the original
representation. This includes storing the conditions under
which the data were determined, without manipulation. For
instance, the widespread practice of storing equilibrium
constants in modelling package databases only for standard
state conditions (i.e. at infinite dilution of solutions) should
be avoided. This practice requires the use of theoretical
models and associated parameters that are generally obscure
to the user with the result that different functions or associ-
ated parameters may subsequently be used to back-calculate
the values when modelling real conditions (including the
conditions of the original measurement!).

Databases should therefore be designed to hold suffi-
cient information, so that little or no human intervention is
required in the steps to modelling that follow, when most
algebraic transformations of the data occur.

Second step: building datasets which are
thermodynamically consistent

Storing as much data from the literature as possible intro-
duces its own issue: the necessity then to produce a
consistent set of mass balance equations from an inherently
inconsistent body of primary and secondary data. Since
achieving thermodynamic consistency between multiple
reactions is combinatorial in nature, it can quickly become
prohibitive in large multicomponent systems, i.e. attempt-
ing to check by hand all linear combinations arising in a
real-size system exceeds human capability. As a conse-
quence, thorough manual evaluations of thermodynamic
data are confined to small chemical assemblages (e.g. [19]).
To cope more generally, computational procedures that
automatically achieve thermodynamic consistency are
evidently required.

Testing the thermodynamic consistency of the data,
either by manual or by computer automatic means, has the
positive effect of detecting bad thermodynamic parameter
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values, transcription errors, etc. A further advantage of
having a fully automatic approach is that keeping ther-
modynamic parameters up-to-date is simplified and the
problem of the persistence of superseded values is avoided.
Examples of the application of this approach by using JESS
can be found in references [20, 21] where antimony equi-
libria have been rationalised.

The need to take into account the actual application
of the calculation

Calculation-related considerations

With most speciation programs having their own databases,
the set of species whose concentrations or activities used in
the calculation are predetermined and are the same for all
calculations. However, in solving the mass balance equa-
tions, the optimum selection of species depends on which
of them predominates at equilibrium; poor choices (i.e.,
when the concentrations of these species are too small) lead
to difficulties due to mathematical ill-conditioning and
failure of the calculation to converge. Therefore, the pos-
sibility of changing the basis/master species easily to solve
a particular problem would be very useful. This requires
that all the reactions can be reformulated in terms of the
new basis species as and when required.

Other sources of error and inaccuracy

Aqueous solution chemistry underpins many predictive
calculations in science and engineering including the
evaluation of the environmental impact of toxic trace ele-
ments, the study of the anthropogenic contribution to
global warming, assessing the security of new storage
repositories in radioactive waste disposal and the
improvement of industrial processes such as in hydromet-
allurgy. This means that chemical calculation needs to be
applied to very different aqueous media, encompassing a
wide range of ionic strengths, elemental composition and
concentrations ranges. Different media will generally
impose very different demands on the capabilities of
chemical modelling, directly affecting the reliability of the
results obtained. These factors need to be taken into
account during any data assurance exercise. Two cases,
coming from the direct experience of the authors, will be
discussed here to illustrate this point.

Applicability of existing equilibrium data to environmental
systems

When determining equilibrium constants, obviously only
values for the complexes formed to a measurable extent in
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the experimental solutions can be determined; moreover,
the accuracy and precision of the determined equilibrium
constant values depend on the extent of formation of the
corresponding species in the studied solutions. For this
reason, a wide range of metal and ligand concentrations
and metal-to-ligand ratios should be used to describe the
system adequately. Even when this experimental approach
is followed, however, the restrictive consequences of the
limited analytical windows of each technique cannot be
avoided. As is well known, every analytical technique is
characterised by such an analytical window, i.e. a range of
concentrations that give an analytical signal which can be
adequately detected. For example, when glass electrode
or ISE potentiometry are used in potentiometric deter-
minations of equilibrium constants, metal and ligand
concentrations should best be in the millimolar range. By
definition, thermodynamic equilibrium constants applica-
ble in such millimolar concentration solutions are valid at
any concentration range. They can, and often are, used to
simulate environmental conditions where trace elements
are in the nanomolar or picomolar concentration range.
However, what may happen is that the main species formed
under these dilute conditions differ markedly from those at
higher concentrations. This is the case particularly when
polynuclear complexes predominate in solutions at milli-
molar concentrations. An important practical case of this
occurs with thiol compounds, which have been suggested
to complex trace elements in oceans [22-24], and with
metal hydrolysis constants.

Multicomponent concentrated aqueous electrolyte
solutions

Considerable difficulties persist in modelling the thermo-
dynamics of multicomponent aqueous electrolyte solutions
at high solute concentrations. This imposes restrictions on
the applications of such models, which are needed in a
wide variety of practical contexts such as in measurement
science, oceanography, biochemistry and hydrometallurgy
[25]. Although the Pitzer formalism [26] is frequently
adopted in the chemical literature, it suffers from severe
disadvantages. Especially when temperature and pressure
changes are involved, the equations require many empirical
parameters and are susceptible to correlation. They there-
fore tend to be ill-conditioned, and parameter fitting
becomes highly dependent on the range of available data
[27]. Their predictions are thus subject to serious error
propagation. These issues become profoundly problematic
with multicomponent systems because of the combinatorial
increase in the number of Pitzer parameters needed and
because of the relatively few experimental studies made on
mixed electrolyte solutions. Reactions between the chem-
ical species in solution, which often dominate in applied
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Fig. 1 Comparison of

recommended and current
methods for chemical

Recommended

Current procedure

procedure

thermodynamic modelling. EC
equilibrium constants, LC linear
combination

DATABASE
CONSTRUCTION

Storage of all published EC:

non-transformed, at the original
conditions, with assessed

‘information content’

Assessment of EC quality
on a case-per-case basis

Choice of a ‘best’ set of EC

Construction of a
thermodynamically consistent set
of equations for all species by LC

CALCULATION

Calculation, previous adaptation
of the basis species (if needed)

systems, add significant further complication. It has been
evident for some time that a different, more fundamental,
theoretical approach to modelling aquatic chemistry is
needed to control the number of modelling parameters and
to cope better with extrapolations into multicomponent
spaces that have not been experimentally characterised.

JESS

A computer package (JESS, for Joint Expert Speciation
System) has been developed by one of the authors (PM)
along the lines described in this paper. JESS is a tool
developed for modelling chemical speciation in complex
aqueous environments, with a large integrated database of
thermodynamic parameters for chemical reactions and an
expert system capability for automatically achieving ther-
modynamic consistency. Details of JESS philosophy,
structure and functioning have been published elsewhere
[28-33].

Conclusions

The existence of serious discrepancies between published
chemical thermodynamic data and the constraints this
imposes when trying to use such data are well known.
Accepted practices used to deal with the problem are based
on gathering information, analysing its quality on a case-
by-case basis, determining a selected set of best values and

Regression of raw values to obtain
a set of parameters at standard
conditions

Manually rewriting equations
as a function of a pre-
determined set of basis
species (when needed)
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then using them to model the system. Although, thermo-
dynamic consistency is achieved inherently by the
predetermined set of basis species and selection of one
formation parameter for each non-basis species, hidden
discrepancies (e.g., information content which is being
ignored or that may have even been overlooked or incor-
rectly eliminated by the database compiler) might remain.
More importantly, since this manual approach involves a
progressive building up of thermodynamic values from a
foundation which fixes the results of each successive layer
of work (see right-hand side in Fig. 1 for illustration), any
change, correction or improvement cannot usually be made
without starting again. For instance, this strategy does not
readily allow for changes in the set of basis species to a
particular problem, if required. In contrast, because most of
the procedure is automated (Fig. 1), the approach advo-
cated here has the ability of making changes easily (i.e.,
correction of errors, introduction of new constant values
and change of ionic activity model.). This can then be
combined with the optimal use of the information con-
tained in all the existing available data, appropriately
weighted according to their perceived quality.
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