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Abstract

Critically assessed data regarding Sn(IV) dioxides and hydroxy complexes have recently
been challenged. Differences as large as nine orders of magnitude occur in certain of the
published solubility products and other equilibrium constants, despite supposedly being
derived from the same ‘reliable’ measurements. We show how these differing conclusions
depend on the assignments of uncertainty in the respective experimental observations and
that the divergence is due to error propagation in identifiable thermodynamic analyses. The
use of Sn** as a ‘basis’/‘master” species in thermodynamic modelling is deprecated. Auto-
matic methods which enable the necessary calculations to be properly evaluated, as well
as easily repeated, help uncover such mistakes. The results from the comprehensive NEA
review are substantially confirmed.

Keywords Tin - Equilibrium constants - Solubility products - Standard redox potentials -
Solubility

1 Introduction

Serious discrepancies abound in published thermodynamic parameters for equilibria in
aqueous solutions. For example, major revisions have proved necessary with reactions as
basic as those for the chemical couples Fe**/Fe’ [1] and Sn**/Sn** [2] as well as for the
second deprotonation of H,S [3]. Such changes can in general overturn decades of previ-
ously established equilibrium constants and other values dependent on them.

Most users of thermodynamic parameters rely on expert assessments to deal with this
problem. The best sources are published by teams of international specialists working on
well-circumscribed chemical systems under the auspices of organisations such as the Inter-
national Union of Pure and Applied Chemistry (IUPAC) or the OECD Nuclear Energy

D4 Peter M. May
p-may @murdoch.edu.au

Montserrat Filella
montserrat.filella@unige.ch

Chemistry, College of Science, Health, Engineering and Education, Murdoch University, Murdoch,
WA 6150, Australia

Department F.-A. Forel, University of Geneva, Boulevard Carl-Vogt 66, 1205 Geneva, Switzerland

@ Springer


http://orcid.org/0000-0003-0434-3855
http://orcid.org/0000-0002-5943-1273
http://crossmark.crossref.org/dialog/?doi=10.1007/s10953-023-01259-2&domain=pdf

Journal of Solution Chemistry (2023) 52:754-761 755

Agency (NEA). Other (more comprehensive) compilations emanate from the highly
respected US National Bureau of Standards (NBS, as it then was) and from its succes-
sor organisation, the US National Institute of Science and Technology (NIST). There are
also numerous critical reviews authored by dedicated individuals or research groups. It is
simple and efficient to assume such works have exhaustively covered the primary chemical
literature as well as having made the most appropriate selections of values through careful
and knowledgeable judgments.

However, as is frequently evident even from cursory comparisons, serious differences
can arise between these various authoritative recommendations. Sometimes, it is a mat-
ter of ‘quis custodiet ipsos custodes?’ but, much more often, such changes are due to the
emergence over time of new measurements, or of a perceived need for data re-interpreta-
tion. Sadly, key thermodynamic values can be based on a very limited number of experi-
mental studies [1]. Improvements then tend to impact widely because of thermodynamic
interdependencies.

Finding the best, up-to-date parameter values for thermodynamic modelling purposes
can, thus be difficult, requiring expertise and considerable effort. The problem is greatly
worsened by the complicated chemical relationships which can occur between chemical
species in aqueous solutions. It is generally necessary to determine a large set of param-
eters which must be unique, thermodynamically consistent, and most reliable. This is a
formidable task given that typical systems have tens or hundreds of possible chemical reac-
tions. To tackle it, an automatic method which is general and comprehensive has accord-
ingly been developed [4]. This computational approach has been applied in the present
work to resolve recent controversial claims regarding solubility products and other equilib-
rium constants for Sn(IV) dioxides and hydroxy complexes [5]. The differences reported
are as large as nine orders of magnitude, despite supposedly being derived from the same
‘reliable’ measured data.

2 Methodology

The JESS package of software and thermodynamic databases [4, 6-8] includes an estab-
lished technique for achieving thermodynamic consistency between chemical reactions
based on an ordered Gaussian elimination procedure [4]. The central aim is to achieve
coherence between literature sources. It is important to emphasise at the outset that this
technique only helps identify the particular chemical reactions which are most likely
responsible for the thermodynamic inconsistency; subsequent decisions about which of the
chemical reactions are preferred as more reliable depend on judgements requiring chemi-
cal expertise. However, knowing where the problem is located focusses attention on it and
helps eliminate other distracting possibilities which are often multiple and complicated.

In the Gaussian elimination procedure, every reaction is described as a linear equa-
tion in which the species identities appear as the variables and the stoichiometry as the
coefficients. Importantly, the reactions in this matrix are sorted so that the most reliable
appears first. The Gaussian elimination, thus, determines the least-preferred species in
the most-preferred reactions as those to be evaluated from each reaction’s equilibrium
constant. These evaluated species are then substituted whenever they occur in the fol-
lowing reactions of lower priority until no further species remain to be determined. A
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specific example of the Bayesian-like decision-making procedure can be found in the
Appendix of May and Rowland [4].

Accordingly, a set of the most reliable thermodynamically consistent reactions is pro-
duced, which taken in linear combinations establish the unique set of equilibrium con-
stants defining the thermodynamics of the whole chemical system. Standard Gibbs ener-
gies (AfGO) can ultimately be calculated from the equilibrium constants for the overall
reactions forming each discrete species from Eq. 1

A,G" = —2.303RT log, (K’ (1)

where R is the gas constant, T is temperature (K), and AfG0 is AGP for the formation reac-
tion of the chemical species from the established set of basis species.

For instance, in a typical calculation, with the whole of the JESS chemical reaction
database (called JPD), the following reactions are invoked in the formation of Sn(OH)g.
Here, the superscript zero indicates an electrically neutral species dissolved in solution.

Sn** + 4H,0 — 4H* — 2¢~ = Sn(OH)]

where Sn”*, H,O, H*, e~ are the basis species and the formation reaction is derived from
the linear combination of

SnO,(s) + 2H,0 = Sn(OH)g having logloK0 = —8.06
0,(g) + Sn(s) = SnO,(s) having logloK0 = 90.62
Sn** 4+ 2e” = Sn(s) having logloK0 = —4.75

2H,0 = O,(g) + 4e™ + 4H™ havinglog,, K* = —83.10

Since the calculation is strictly additive, the correctness of the result depends
heavily on the least reliable log;,K® in the linear combination, which here is for
SnO,(s) + 2H,0 = Sn(OH)g. Observe that the chemical species Sn** is absent in this
consideration. In other words, all chemical reactions involving Sn** have been found
inferior and hence eliminated as redundant.

The JESS process thus requires an assessment of the reliability of every equilibrium
constant contained in JPD. This is done routinely by following an established strat-
egy [4] in which numerical ‘weights’ (0-9) are assigned to each datum when it is first
acquired; however, the weights can be altered readily enough afterwards, if and when
it is deemed appropriate to do so. In this way, a score called the reaction’s ‘informa-
tion content’ (IC) can be calculated algorithmically to represent the relative confidence
which each reaction merits. ICs typically range between 0 and 999.

Obviously, the judgements made when finalising the weights are critical to the out-
come. On the other hand, most of the choices are straightforward and, in practice, have
little impact with well characterised reactions for which numerous equilibrium constants
have been described in the chemical literature. This leaves only poorly characterised
chemical reactions to be considered individually and, in particular, it directs attention to
the most uncertain species in the chemical system.
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3 Results

The log,,K° values (11 in total) reported by Rai [5] were entered into JPD and processed fol-
lowing our usual steps, including the Gaussian elimination described above. Initially, with one
exception, a reasonably high weight (5) was assigned to each value, in conformance with the
source being titled a critical review. Regarding the exception, the equilibrium constant reported
for reaction Na,Sn(OH)(s) = Na,Sn(OH)4(aq) was immediately rejected because the implicit
proposition that Na* would not dissociate in solution seemed highly unlikely; since no modelling
calculations are performed here, this decision has no repercussions for the present work.

The Gaussian elimination analysis showed that 6 reactions involving Sn** from Table 1 [5]
were inconsistent with other (pre-existing) equilibrium constants in the JPD database. Most of
these were linear combinations of reactions derived in part from the values presented in the
NEA review for Sn [2]. This outcome was, of course, unsurprising given that Rai had himself
identified major inconsistencies between the two sets of data.

Following our standard practice when inconsistencies are exposed by newly entered equi-
librium constants, the 6 reactions (and their counterparts in the JPD database) were examined
and modified individually, as follows.

JESS reaction 58019: Sn** + H,0 = Sn(OH)** + H*
The value from Rai [5] (log;,K® = 0.39) was preferred over all previous values, i.e. from
refs [9—11]. This is in accord with the NEA [2] and other critical assessments [12, 13]
which declined to select formation constants for the hydrolysis of Sn(IV) under acidic con-
ditions. The implication here is that Sn(OH)>* formation, and the associated quandaries
about chloride complexation, are irrelevant for present purposes.

JESS reaction 64789: Sn** + 4H,0 = Sn(OH)} + 4H*

JESS reaction 64790: Sn** + 5H,0 = Sn(OH); + 5H*

JESS reaction 64791: Sn** + 6H,0 = Sn(OH);~ + 6H*
The values from Rai [5] were rejected in preference to the relevant linear combinations
of reactions with higher IC, in which the reactions Sn** + 2¢~ = Sn** (IC = 54) and
SnO,(s) + 2H,0 = Sn(OH)é, etc. (IC = 48) appeared most pertinent. These latter reactions
were found by the JESS algorithm to be tenuous but better than the reactions shown above
in bold.

Table 1 Estimated Gibbs

eneries of formation under Species Rela(t)ive 4t0 basisislet“ Relagive 4to eleméﬂlts

standard conditions at 25 °C and A-/’G /107 KJ-mol AfG /107 KJ-mol

EA?JO kPa as calculated by JESS Sn+ 7.406 4.683
Sn(OH)** 7.353 —1.909°
Sn(OH)2* 7.581 —4.258°
Sn(OH)F 7.710 - 6.617°
Sn(OH)} 3.020 —9.456°
Sn(OH); 7.923 —11.34%
Sn(OH)Z2" 13.66 - 13.14°
Sn0,4(s) —1.581 —0.5173
SnO,(am.,s) —1.040 —0.5119

3Basis set is Sn**, H*, H,0, and &~

YReaction does not exist in the JPD database
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JESS reaction 66851: SnO,(s) + 2H,0 = Sn** + 40H"

JESS reaction 80972: SnO,(am.,s) + 2H,0 = Sn** + 40H~
where SnO,(s) is cassiterite. The values from Rai [5] were rejected in preference
to the relevant linear combinations of reactions with higher IC, in which the reac-
tions Sn** + 2e” = Sn?* (IC = 54) and O,(g) + Sn(s) = SnO,(s) (IC = 62) or
0,(g) + Sn(s) = SnO,(am.,s) (IC = 40) appeared most pertinent. These latter reactions
were found by the JESS algorithm to be tenuous but better than the reactions shown above
in bold.

More detailed reasons supporting these actions are given under ‘Discussion’. In sum-
mary, we consider that the uncertainties proliferating in the published analyses of SnO,(s)
solubility [5, 11] are worse than those from the electrochemical measurements and their
extrapolation to infinite dilution by Gajda et al. [14]. Order of magnitude differences in the
equilibrium constants determined by Rai [5] and Rai et al. [11] from the same solubility
data illustrate the point.

Once thermodynamic consistency within JPD had thus been (re-)established, relative
Gibbs energies of formation were determined in the usual way [4] for each of the Sn spe-
cies in question. Equilibrium constants for the associated reactions could then be calculated
straightforwardly. The results are shown in Tables 1 and 2. The general concordance (apart
from Sn(OH)** formation) with the values from Gamsjiger et al. [2] is evident and anticipated
given the decisions described above. Note that systematic errors dominate the uncertainties in
these calculations so standard uncertainties would be inappropriate; the number of significant
figures given here only indicates the approximate reliability of the current calculation.

Leading to the results in Table 2, linear combinations of chemical reactions (which are
purely additive) give exact but not necessarily accurate values. Conversely, in modelling
calculations (which are typically non-linear), uncertainties can propagate severely. Equilib-
rium constants determined by least-squares regression are highly prone to such numerical
corruptions [15]. Much depends on the concentrations of the chemical species involved.
The use of Sn** in alkaline solution modelling is accordingly deprecated since it can only
exist at negligible concentrations under these conditions.

Table 2 Equilibrium constants for the formation of Sn(IV) hydroxy complexes and solid oxides as calcu-
lated by JESS [4] for purposes of comparison.

Species log,,K°

Gamsjiger et al. Rai This work
Sn** +H,0=Sn(OH)** +H* 8.96 0.39  0.094
Sn** +4H,0 = Sn(OH))+4H* 7.55° <-236 7.684
Sn** +5H,0 = Sn(OH)s™+5H* — 1.06 —10.02 —0.906
Sn** +6H,0 = Sn(OH)2™+ 6H* —11.13 —21.10 —10.96
SnO,(am.,s) +2H,0 = Sn*+ +40H" —70.78% —60.98 —70.80
SnO,(cass.,s)+2H,0 = Sn** +40H" —71.60° —63.57 —171.74

As described in the text, we do not recommend these values. The calculated equilibrium constants in rows 3
and 4 apply to alkaline solutions only so the use of Sn** is particularly inappropriate

#As calculated by Rai [5] (noting that Gamsjiger et al. [2] actually avoided reactions reported in terms of
Sn**—see Discussion section)
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Despite being debatable, we do not claim here that Sn** is always non-existent. Unlike
Sz’(aq) [3], Sn** is plausibly conceivable. It should nevertheless be invoked with caution
even in the most propitious acidic solutions. That aquated ions of such high electronic
charge could have a distinguishable existence in the presence of any anion is suspect and
needs to be better substantiated experimentally. In any event, for modelling purposes,
chemical equilibria should never be expressed in terms of Sn** as a ‘basis’/‘master’ spe-
cies, i.e. as a reactant. That is just troublesome and unnecessary.

4 Discussion

In a lengthy review, Rai [5] outlines numerous aspects of the chemistry applicable to this
work and to the many issues presented therein which constitute serious difficulties in deter-
mining the relevant equilibrium constants to any satisfactory level of confidence. The
review correctly identifies all sorts of assumptions and worryingly uncertain estimations.
It specifically notes that the “main reason for the large disagreement with the values deter-
mined in this study and those reported in Gamsjdger et al. is their use of [an] extremely
low 10g1oK?0 resulting from the use of [a] very high (Sn**) value” [5]. Yet, such is the
complexity of Rai’s exposition even a well-informed reader might be left with doubts about
the critical decisions which are essential to his argument and which underpin his conclu-
sion. Consequently, those wishing to model the thermodynamics of Sn aqueous chemistry
must, in essence, either perform the whole critical evaluation themselves or resort to mak-
ing a subjective choice between the two discrepant ‘critical’ sources. These options are
invidious.

Fortunately, the JESS automatic Gaussian elimination facility highlights just one criti-
cal question: how reliable is the electrochemical characterisation of Sn** by extrapolation
to infinite dilution of the potentiometric data for Sn** + H,(g) = Sn>* 4+ 2H" compared to
that from a thermodynamic model of SnO,(s) solubility data across the pH range from 0 to
12 involving the aqueous hydroxy complexes SnOH*, Sn(OH)J, Sn(OH)3, and Sn(OH)?".

Neither characterisation is ideal. The electrochemical measurements must be made in
extremely concentrated acidic solutions (5-8 mol~kg'l) and, while not so extreme, the solu-
bility measurements are also limited by electrolyte concentrations high enough to introduce
significant specific effects from the (extraneous) counter-ions. Considering these uncertain-
ties below, it is nevertheless clear that those from the former (electrochemical) determina-
tions are the smaller (i.e. better). Other possible causes of uncertainty, detailed by Rai [5],
can, thus, be set aside.

As shown in Fig. 6 of Gajda et al. [14] and reproduced as Fig. VI-2 by Gamsjiger et al.
[2], the standard deviation in E° for the reaction Sn** + H,(g)=Sn** + 2H* is about
0.02 V, corresponding to <4 kJ-mol™ or<0.7 units in a log,,K® ~ 13. Rai dismisses these
results but makes no attempt to assess their uncertainty, simply arguing (p. 1173) that
“there are many reasons ... to doubt the accuracy of this extrapolated value”. Emphasis on
inapplicability of the SIT model to extrapolate the equilibrium constants obtained at very
high ionic strengths to infinite dilution overlooks the fact that this correction is at most in
the order of 0.06 V whatever interactions are occurring at high concentration. In fact, vis-
ual inspection of the data suggests a maximum error (i.e.~3 SD) less than 0.03 V (which is
about half of the 0.02 standard deviation estimated by Gamsjiger et al. [2]). Errors of such
size cannot be responsible for log,,K° discrepancies up to 9 orders of magnitude. More-
over, Rai’s reliance (Appendix A.3) on earlier E% by averaging results that are grossly
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inconsistent (A = 0.06 V) and otherwise variously problematic (as discussed by Gamsjéiger
et al. [2]) seems implausible.

In contrast, Rai’s recommended log,,K° values [5] for the equilibrium constants of the
aqueous hydroxy complexes Sn(OH)°, Sn(OH);, and Sn(OH)g‘ are much more nebulous.
Indeed, as Rai notes, these are essentially adjustable fitting parameters. Such sequential
equilibria are always difficult to quantify, not only because they are numerically correlated
but because, at higher pH, important specific interactions (e.g. with Na*) must also be
taken into account. These issues are greatly exacerbated by a badly formulated framework
of thermodynamic equations which, rather than using the most predominant species as it
should, expresses the equilibria in terms of vanishingly small concentrations of Sn** (at
higher pH). This is no doubt why Gamsjiger et al. avoided all reactions of hydroxy com-
plexes formulated in terms of Sn** but used Sn(OH)g instead [2, p. 114, Table VII-2]. Since
the solubility of SnO,(s) is essentially invariant over 2 <pH <8, the choice of Sn(OH)g as
a mathematical basis species reduces by two the number of adjustable modelling param-
eters (at higher pH). Separating the solubility data between acidic and alkaline solutions
also simplifies the calculation. In particular, selected thermodynamic data for Sn** interac-
tions with CI™ are relevant only in acidic solutions and so become incidental to Sn(OH)g,
Sn(OH);, and Sn(OH)é‘ formation. Thus, the solubility of crystalline and amorphous SnO,
as a function of pH is fitted equally well (or better) cf. [2, p. 116, Fig, VII-5] versus [5,
Fig. 4] but modelled more robustly.

Regarding the thermodynamic constants evaluated in this work (Tables 1 and 2), signifi-
cant uncertainties remain and should not be underestimated. Additional measurements are
needed to improve the present situation, preferably utilising other experimental techniques.
The ability to survey any new set of results and readily to explore its thermodynamic con-
sistency with existing literature data can be a valuable tool in this endeavour. The JESS
automatic facility applied herein serves that purpose.

5 Conclusion

The contentions made in a recent critical review on the thermodynamic data for Sn(IV)
dioxides and hydroxy complexes [5] have been assessed and found wanting. Results for
these chemical systems in the corresponding earlier NEA critical review [2] are, by con-
trast, substantially confirmed.
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