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ARTICLE INFO ABSTRACT

A new, open-source, practical, modern and multi-platform Python application for concentrations calculation
(PyES - Python Equilibrium Species) was developed by re-writing and implementing the ES4, a freeware com-
puter program originally written using the BASIC programming language. Currently PyES has two working
modes, i.e., titration simulation and species distribution, and it can handle both precipitation and solution
equilibria. Noteworthy, PyES is actually the only open-source software able to perform calculations at variable
ionic strength, taking into account the dependence of the stability constants on it, and to take into account the

PyES and this work are dedicated to the mem-
ory of Prof. Silvio Sammartano, for his invalu-
able contribution to the development of
computer programs for solution equilibria.

Keywords:
Species distribution error propagation to estimate the uncertainties in the calculated concentrations using those of the formation
Titrations constants, solubility products and components concentrations. Various tests were performed to verify the reli-

Stability constants
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Python

ability of PyES with very satisfying results. Moreover, PyES is user friendly and compatible with existing
operative systems. The data analysis results can be visualized in a graphical presentation and can be easily
exported as .xlsx or .csv files. PyES and the corresponding source code are available for download at htt
ps://github.com/Kastakin/PyES.

1. Introduction internal survey, it was possible to have an insight into the software

commonly used by these researchers to calculate stability constants by

The need for modern chemists for IT tools to allow and facilitate their
research activities is very well known. From simple spreadsheets editors
such as Microsoft Excel, to complex computational routines specifically
written for the problems in hand, every chemists must resort to some
computer tools in their career. Therefore, simpler tools able to aid in
routine operations are favored over complex scripts that require some
coding knowledge to be written. The main issue is that, often, such tools
are non-existent or lackluster, and their use creates a virtual barrier
between what the users want and what they can effectively do.

This has been observed firsthand within the COST ACTION 18202,
NECTAR - “Network for Equilibria and Chemical Thermodynamics
Advanced Research”, a European group of researchers focused on
studies concerning thermodynamic equilibria. For example, through an
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the elaboration of data coming from different experimental techniques
(e.g., potentiometry, spectrophotometry, NMR), as well as the most
relevant issues they observe using it (Fig. 1): the Hyperquad suite
(including, among others, Hyperquad, HypSpec, HypNMR) [1,2],
SUPERQUAD [3], PSEQUAD [4], BSTAC [5], OPIUM [44].

Beside software required to process experimental data, another
essential tool is that for the computation of the species concentration at
equilibrium in solution and, eventually, for the drawing of the so-called
speciation diagrams. In fact, equilibrium analysis and chemical speciation
studies, though originally considered as a niche of analytical chemistry,
are nowadays accounted as fundamental in many other fields of basic
and applied research, such as bio-, medicinal and food chemistry,
geochemistry and environmental science, to cite some. Among the most
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Fig. 1. Results of the survey conducted within NECTAR (COST ACTION CA18202) participants. Software commonly used (left) and issues found when using

it (right).

used software, worth mentioning are: Hyperquad Simulation and
Speciation (HySS) program [7], ES4ECI (ES4) [8], Medusa [45] ,
PHREEQC [46], MINEQL+ [47].

Unfortunately, most of these programs show many limitations, and/
or are not in an active development state anymore (some have already
lost compatibility with current operating systems, a tendency that is not
going to get better with time without any intervention). Moreover, the
general dissatisfaction with currently available solutions suggests the
need for a new open-source software, written by chemists for chemists,
compatible with modern systems and available free of charge. This was
exactly the purpose of the development of PyES, an open-source soft-
ware for the computation of solution and precipitation equilibria and the
simulation of titration curves.

For its peculiarities, the ES4 software [8] was used as baseline ma-
terial for the writing of the new PyES program. ES4 is an open-source
software for the simulation of titration curves and the calculation of
concentration of species in solution at equilibrium, written in BASIC, by
Prof. Silvio Sammartano from the University of Messina and his co-
workers, between the 70s and the 80s. The software has two working
modes: titration simulation and species distribution. While it is still
being used by researchers that have been trained on it, it is difficult to
recommend to new users due to the absence of a graphical user interface
and the requirement of input of data in textual form, with a quite con-
voluted grammar prone to user errors. However, it still features quite
interesting functionalities, currently not developed together by any
other available open-source software. In particular, it can: i) estimate
and take into account the variation of the ionic strength in the system,
either as a function of pX (pX = - log [X], where X is the independent
species, usually H") or during the titration process; ii) consider the error
propagation to evaluate the uncertainties on the estimated concentra-
tions of the species. Thus, using its primary logic as a starting point, the
aim of this work was the creation of a new software, called PyES (Python
Equilibrium Species), still keeping the above-mentioned peculiarities of
the parent ES4 code, but compatible with modern operating systems,
with a graphical user interface and some further improvements over the
original software, to allow fast and reliable computation of the species
concentration in a chemical system at thermodynamic equilibrium and
to simulate titration curves. The intention was to provide a freely
downloadable software that can then be used without the need for any
internet connection, with its source code publicly available. Further-
more, PyES also shows a series of novelties in the field. It is the unique
open-source software able to: i) simultaneously consider the effect of the
ionic strength on the equilibrium (by adjusting the stability constants
accordingly); ii) compute results in terms of their concentration and
uncertainties for both in solution and precipitate species. Finally, and
from a technical standpoint, PyES has been envisioned with a modular
structure at its core, so having the possibility of further addition of extra
functionalities in the future as, for example, the refinement of stability
constants from analytical data. All this without the need for a complete
overhaul of its codebase.

2. Materials and methods
2.1. Algorithm

The calculation of the concentration of species in solution at equi-
librium can be described by an algorithm. The steps to be considered to
reach the final result in a fast and reliable manner are summarized in the
flow diagram in Scheme 1.

If the free concentration in solution of a given species or component
is known (e.g., [H'1, used as independent variable), that of other com-
ponents and soluble species considered in the chemical model (whose
stability constants are added as input) can be obtained from the
analytical (total) concentrations of the components (added as input as
well) by solving their mass balance equations for each value of the in-
dependent variable by an iterative method, such as Newton-Raphson. To
enhance the stability of the algorithm, a preconditioning routine was
implemented. It is applied to the initial guesses to obtain concentration
values less far from the correct ones and that can be fed into the Newton-
Raphson algorithm. Once the optimized values (by the Newton-Raphson
algorithm) are obtained, the saturation conditions are verified for solid
species, if present in the model (corresponding solubility products are
added as input). If the system is in super-saturated conditions, the most
saturated solid species is added to the model and the species concen-
trations are refined again. Once the concentration of the species is
assessed, the uncertainty can be estimated. This process is iterative and
will continue for each value of the independent variable until the
convergence criteria are satisfied. The details of each step are reported
in the next paragraphs.

2.2. Mathematical approach

The most common way to define a chemical species (and the corre-
sponding equilibrium) in a solution in an easily programmable way is
using Morel's table formalism, which has been popularized by the
French scientist F. Morel [12]. According to Morel, any system in which
a Ng number of chemical species S; are present in solution, and even-
tually a Np number of precipitable P; species, can be represented as a
linear combination of N¢ number of C; components. As an example,
Table 1 shows Morel's table for a generic metal-ligand-proton system.

Each S; species (N5 rows, one per species) is described by the stoi-
chiometric coefficient of each C; component (N¢ columns, one per
component). Therefore, the resulting matrix is defined by the p;; ele-
ments corresponding to the value of the stoichiometric coefficient that
the component C; has in the species S;. Morel's formalism alone gives a
pure qualitative description of the composition of the system of interest.
To be able to compute the concentration of every species at equilibrium,
it is necessary to express its relationship with the concentration of each
of its components by the overall stability constants (commonly denoted
as /) and the solubility products (denoted as Kj).

In their generic form (for a metal-ligand-proton system):
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Table 1
Morel's table for a metal-ligand-proton system.
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Scheme 1. Flowchart of the logic implemented in PyES.
Balance Equation (MBE):
Ng Np
(], =Y pilS1+ > bpylP)] 3
i 1

Species (S;) Components (C;)

Mm+ LZ- H+
Mo 1 0 0
L 0 1 0
HY 0 0 1
OH~ 0 0 -1
MpLgHE™ * 7% P q r
[M,L,H,]
= i i (€D)]
(M [L)"[H]
K, = [MP[L]"[H]) 2

Moreover, each component C; of the system must obey the Mass

where [Cj]; represents the total concentration for each of the i
component, that is the sum of the free concentration of the soluble [S;]
and/or precipitate [P;] species containing that component, adjusted for
its stoichiometric coefficient (p;; or bpy; if referencing the ith species in
solution or the I in the precipitate, respectively). Please note that, in
this formalism, the free concentration of the component [Cj] is included
in the sum of soluble species. Since the free concentration of a species in
solution is related to the stability constant by:

s1=p]LIcr @
k
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Eq. (3) becomes:

N Ne Np
(Gl =Y pup TG+ bpi[P] %)
i k [

Unlike the case of the species in solution, it is not possible to use Eq.
(4) to calculate the amount of solid species present at equilibrium con-
ditions. The relation used to obtain this quantity is derived from the
solubility product of the solid species, as defined in Eq. (2). At equilib-
rium, precipitate formation will be observed if:

Nc
[[c]™ > &s (62)
J
ie.,
[c)"™
J ' —_
T =S>1 (6b)

where S is the saturation index of the precipitate I.

Since all the species concentrations can be directly or indirectly
obtained from the free concentrations of the components, the problem is
reduced to finding which values are mathematical roots of the system of
N¢ + Np nonlinear equations, defined as:

Ns Nc Np
Y, =[G, - Zpi.jﬂi H [ - ZbPlJ[Pl] (7a)
i k 1
o bpi
Iic)
Yi=1- ’T (7b)

or, in the matrix form:
y(?) -0 ®)

where the vector X includes both the [Gj] and [P;] unknows.
As mentioned before, an iterative Newton-Raphson method is used to
solve this system. Being an iterative procedure, starting from an initial

guess of ?, a better guess is obtained at the k™M iteration as:
— — —
X=X +AX, )

The applied shift A)?k can be obtained by solving the system of
equations:

— —
*JkAXk: Yk (10)

where the vector 7;( is obtained as defined in Egs. (7a) and (7b) and Jy is
the Jacobian Matrix, a square matrix with N¢ + Np dimension, and
whose elements a;; are equal to:

a. =%
l’/_ax/-

(1)

in which f; represents Egs. (7a) and (7b), and x; is the jth unknown

element of the vector X.
The analytical form of these derivatives is known, so it is possible to
calculate the value of a;; at each iteration k.

S . R a2
as, =y p.p: i,j=1,...,Nc a)

af;f:bpid» i:17...7Nc;j:NC7...,Nc+Np (12b)
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SI*
af; = —bpi—r
' c] (120)
i=Nc¢,....Nc +Np;j=1,....N¢

a;=0 ij=Nc+1,...Nc+Np 12d)

Eq. (12a) gives the block of the Jacobian Matrix relative to the sol-
uble species, while Egs. (12b)-(12d) are related to the presence of pre-
cipitable species.

After k iterations, the solution is considered converged (and, conse-
quently, the desired solution to the system of equations found) if the
following equations are both satisfied:

Nc Y 2
=] < a13)
(@) =

J
[Yj|<ex j=Nc+1,....Nc+Np a4

withe; =1 x 10" and ey =1 x 107°.

To find the final desired solution we adopted Bethke's methodology
[13] to define the final composition of the solid phase assemblage. In
detail, no precipitation equilibrium is considered at the beginning. In
these conditions, the system of Eq. (8) consists purely of the N¢
nonlinear equations in the form of Eq. (7a). The result obtained can be
considered a pre-equilibrium condition in which the saturation indexes
of the solid species can be checked. A two-steps check is then performed:
if any solid presents a SI < 1 and positive concentration, it means it is
dissolved and therefore removed from the model; on the contrary, if a
solid exhibits SI > 1 it is included in the model. In both cases, using the
Newton-Raphson method, a new equilibrium condition is obtained, the
final concentrations are updated, and another check is performed. This
routine is repeated as long as no solid is in super-saturated conditions.

What we presented, so far, is generally valid for a single-point
calculation, but some minor changes have to be introduced in the al-
gorithm to effectively simulate titrations or species distributions for
discrete values of one of the components. In the first case, the total
concentration of the components must be adjusted at each point, to
account for the added titrant volume:

[Gl5vo + 6w,

[C/] T = Vo + V (15)

where (G, [Cj]%, and [Cj] are the total concentration of the jo
component at the nth point of the titration, at the beginning of the
titration and in the titrant, respectively; vy and v, are the initial volume
and that of the titrant added at the n point.

2.3. Method robustness

One of the main limitations of the Newton-Raphson technique
applied to solve systems of nonlinear equations lies in the necessity of
initial guesses that are close enough to the desired roots to avoid
divergence problems [14]. For this reason, three strategies have been
implemented.

2.3.1. Strictly positive concentration

Working under the assumption that the species concentrations can be
obtained from those of the components, it is clear that the latter can be
close to zero but never actually be zero. To enforce this behavior we
adopted a technique proposed by Bethke [13]: at each Newton-Raphson
iteration, the concentration of components is updated, using a slightly
modified Eq. (9):

— — —
Xip1= X+ Sretar A Xk (16)

where:
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1 AX,
=max| 1, — —L) a7
Sretax 0.5X,

2.3.2. Extrapolation from previous points

Subsequent points in a simulated titration are “equispaced”: the
amount of titrant added is constant at each point throughout the titra-
tion. Similarly, for a species distribution, the concentration of the in-
dependent component varies linearly within the investigated range.
Therefore, it is possible to extrapolate a better guess of component
concentrations from the solution of previous points. For the titration
case, the equation used is the following:

lin—1 = lino 2 (Vaa = Vs
l/'.n = ljin—1 + (Vn - Vn—l) (18)

V-1 — Va2 l/',n—Z - lj.n—}

while, in the case of the species distribution, the following equation is
used instead:

2

(l/'.n—l - l_/'.n—Z)

lin—2 = lin-s

lin=lin1+ (19)

In both equations, the [, terms represent the log,, of the concentrations
at the n™ point. The main difference between the two lies in the fact that,
for the titration, the effect of dilution is kept into account.

From Egs. (18) and (19) it comes out that this procedure can be
applied from the fourth point on. As such, the concentration at the first
point is conventionally set as 1/1000 of the total concentrations defined
as input by the user. For the following two points (i.e., the second and the
third), the results of the previous points are used as the best initial guess.

2.3.3. Preconditioning

The starting guesses, in particular those of the first points, which
usually are of lower quality, may not be good enough to assure
convergence of the Newton-Raphson method alone. To further enhance
the stability of the algorithm we implemented a preconditioning routine,
applied to the initial guesses obtained from the extrapolation process,
before feeding them into the Newton-Raphson algorithm, called “Posi-
tive Continuous Fraction Method” (PCFM). Originally proposed in a
simpler form by Carrayrou et al. [14] and improved by Marinoni et al.
[15], PCFM is a zero-order method, that is an iterative routine, like the
Newton-Raphson method, which does not require the computation of
derivatives at each iteration, resulting in a less computationally intense
process, that rapidly reaches a guess in the neighborhood of the searched
solution. The algorithm requires the definition of two new quantities for

each component — reactant sum Sum;**

and product sum Sumf"’d -
whose definition is different and depends on the sign of the total con-

centration for the component in question. If [Cj]; > 0:

Sum* =3 " p,IS] (20a)
Pij>0
Sum” = (G|, + Y |piy|IS] (20b)
pij<0
while, if [Cj]; < 0:
Sum = |[C] | + Y _pislSi (21a)
pij>0
Sum™ =7 |pi|[S] (21b)

pij<0

Accordingly, the MBE (Eq. (3)) can be rewritten utilizing these new
quantities, so that, at equilibrium:

Sumpmd — Sumreac (22)

As such, it is possible to iteratively obtain a better approximation of
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the free concentration of the jth component as:

4
Sum{)rod.k) o
7

(] =] <Sm
umj

(23)

where py; it is the smallest strictly positive stoichiometric coefficient that
the jth component presents in Morel's Table. The convergence condition
used to terminate the iterative procedure is defined as:

Sum;eac _ Sum/pmd
S g g = I le 24
J J

where e3 = 1 x 107 for the first point and 3 = 0.25 for each subse-
quent point.

If this procedure had to be applied for all the components simulta-
neously, it would introduce unfavorable fluctuations in successive iter-
ations, possibly causing divergence problems. However, it is possible to
attenuate the effect of the applied shift, trading off a minor risk of
diverging with a slower process overall:

[CJ]M =0, [C.f]A <W> +(6-1) [C,-}k (25)

7

In the previous equation, ¢ can assume values between 0 and 1. For
values close to 1, no attenuation is applied, and Eq. (25) tends to Eq.
(23). Instead, the closer to 0 @ is, the more intense the attenuation will
be, resulting in a slower convergence. Ideally, this routine would return
concentration values close to those at equilibrium, as fast as possible,
while minimizing the risk of diverging due to the aforementioned fluc-
tuations. To achieve this, we implemented the same solution proposed
by Marinoni et al. [15], consisting in a dynamic update of the value 6,
using the equations:

Sun,!;‘)md
Sum’®® > Sumt"™* ;= 0.9 — 0.8 —~— (26a)
7 J Sum_/. C
Sumi.‘ea('
rod reaci
Sum"™ > Sum*“* 6; = 0.9 — O.SSMT;M (26b)

7
To further speedup the routine, 6 is updated only if, at the k' step:
6 >0 27)

This condition ensures that, if the method is taking too long to reach
convergence (i.e., the applied attenuations are too strong), the next it-
erations will apply more aggressive shifts, speeding up the procedure.

2.4. Ionic strength dependence

Stability constants reported in main collections and databases
[16-22], as well as single papers, are mainly stoichiometric constants, i.
e., they are expressed in terms of concentrations instead of activities. For
a generic equilibrium

aA+bB=cC+dD (28)

the stoichiometric stability constant is given by:

(€)D"

P=—2 (29)
[A][B
Being the activity of a generic species S given by

as =S (30)

in which yg is its activity coefficient, it turns out that the stoichiometric
constant f is related to the thermodynamic constant 7 by:
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actap®

c,, d c d c,, d
_Ycp [CI'[D] _Ycp 3 31

p= 7
7a°vs" [A] [B]b Ya“rs’

as“agh

As such, since the activity coefficients depend on the system condi-
tions (e.g., ionic strength, temperature, pressure), the same holds for the
stoichiometric stability constants (from now on generally denoted as
stability constants).

Several models (for some details see, e.g., Ref. [23]) exist to take into
account the dependence of activity coefficients on system conditions,
with particular reference to ionic strength and temperature (since most
reactions occur at ambient pressure, dependence on the latter assumes
relevance in just particular cases like, e.g., in geochemical studies).
However, the most common theories and approaches (e.g., Davies [24],
Bromley [25], Pitzer [26,27], Specific ion Interaction Theory — SIT [23,
28]) can be considered as evolutions of the (Extended) Debye-Hiickel
equation for the dependence of activity coefficients on ionic strength (I):

2 VI

log Y= —2z TB\/?JFL(I) (32)

in which the L(I) term differs from one equation to another. The
Extended Debye-Hiickel equation (from now on denoted as EDH) used in
PyES and already implemented in ES4 is given by:

VI
1+BVI

where A and B are the so-called Debye-Hiickel parameters (A = 0.51 and
B=1.5atT=298.15K), and C, D and E are empirical parameters (the E
term can generally be neglected for I < 1.0 mol dm ™). This equation can
be applied to calculate a stability constant (or a solubility product) at a
desired ionic strength, if this constant is known at another I value
(including that at infinite dilution, i.e., #7 when I = 0):

1+\g_2\/].2 1+\Z_\/.) +C(n 11)+D<1§—1%>

(34)

logy= —2°A +CI + DB + EP (33)

log p" = log p" — z*A(

+E(L - 1)

where 1 and 2 subindices refer to two different ionic strength values.
PyES, as its precursor ES4, allows the input of A and B terms in common
for all species of the model, and the input of C, D and, eventually, E for
each single species. However, based on the vast experience of some of
the developers of ES4 and their coworkers, between the 80's and 90's it
has been proposed a model [29], with the relative equation, for the ionic
strength dependence of formation constants, in which the three terms
are split into two parameters per term, depending on both the stoi-
chiometric coefficients (p) and the charges (z) of species involved in the
considered equilibrium:

C=cop" + 17 (35a)
D=dyp* +d\7 (35b)
E=ep" + ¢z (350)
with z* and p* defined as:

o ST o (36a)
P'= Prc— D P (36b)

with reac and prod indexes referred to reactants and products. The
proposed model is based on three main assumptions:

[H1]. It is possible to express the dependence on ionic strength of
formation constants by a simple equation, independently of the type of
reactants and products, and dependent on the type of reaction only.
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Table 2
Parameters of EDH equation (Egs. (34)-36)), and their dependence on temper-
ature, valid at I < 1.0 mol dm 2 and T < 318.15 K.

A =0.5115 + 9.123 x 10~* (T - 298.15) + 4.93 x 107° (T - 298.15)?
B = 1.5000 -+ 8.900 x 10~* (T — 298.15) + 4.195 x 10~ (T - 298.15)>
co=0.10-3.7 x 103 (T - 298.15)

¢1 = 0.2095-5.4 x 10~ (T - 298.15)

d, =-0.0935 + 9.5 x 10~* (T - 298.15)

¥ In those conditions, dy = ey = e; = 0, from ref. [29].

[H2]. All the deviations from the predicted behavior are ascribed to
weak complex formation between components and/or species under
study and the background ions (e.g., the ionic medium). This implies that
pure water is considered as reference state, and some ions as non-
interacting with the reactants and/or products involved in the studied
equilibrium.

[H3]. Perchlorate does not interact with cationic species, tetraethy-
lammonium cations (and higher tetraalkylammonium analogues) do not
with O-donor ligands, and Na* and K* do not with N-donor ligands.

Several evidences collected during more than half a century of
investigation on equilibria in solution mainly performed at the italian
Universities of Messina, Torino and Catania (from first papers specif-
ically dedicated to this topic [30,31], to more recent, like, e.g., refs. [6,9,
10,32,33]) demonstrated that the model's assumptions were correct, so
that, in the conditions of [H3] (ie., in non-interacting media) the
dependence of the formation constants on ionic strength fulfills [H1]
and parameters cg, c1, do, d1, €9 and e; become constant (thus, eq. (34)
only depends on p* and z*). Their values, together with A and B and their
temperature gradients, valid at I < 1.0 mol dm~3and T < 318.15K, are
reported in Table 2 [29].

For the above reasons, instead of considering the input of C, D and E
for single species, PyES also allows the input of ¢y, c1, do, d1, €p and e; in
common for all species of the model, in addition to A and B. This is
particularly useful when models are built considering stability constants
determined in non-interacting media, together with those relative to the
formation of weak complexes, allowing calculations in many different
ionic media, including multicomponent systems (see, e.g., efs. [11,34],
and [35,36] for synthetic seawater, synthetic saliva and urine,
respectively).

2.5. Uncertainty propagation

When dealing with real data, it is more and more often required to
give the obtained results together with their uncertainty. This func-
tionality was present in ES4 for the soluble species (as reported in the
previous work by De Robertis et al. [8]) and it has been extended to
precipitates in PyES.

For each component and species present in the system, it is possible
to obtain the uncertainty on their concentrations, using the laws of error
propagation. This only if the uncertainties relative to the input data,
which are those associated with one among or both the analytical con-
centration of components and the stability constants, are known:

2

%) = i (0(&2})2”3 + i <§[[CC]T>2 i ( o ) o, (37a)
=3 () e S (L) e 32 (Ge) e o

N oS ]\’ e, 1[5\’ N 0[S\ °
A= ( (gﬁb Y (()[[T]D o+ (%) 2, G370

The derivatives present in these equations can be obtained deriving
equations relative to the MBE for the system, with respect to the stability
constants of the species, and total concentrations of components:
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a[Cf]r,a[Cf} JC], [S] | O[P]
b 0B Z 9, Z(”“"”[C]) g+ 2 gy
(38a)
G, 9G] & & [S; [P
AR (oA m zk:é[cr}r Z(p ,m[C]> + Z PiyiC, (38b)
I[C], @[C'} - a[ck] [S1) | <&, 0[P
0Ks, :W 0Ks, Z( “p'k ) + Z l“()Ks, (38¢)

d/i = 0’ oc]
derivatives of the free concentration of components with respect to the
stability constants and total concentrations by solving a series of systems
of equations, obtained by re-arrangement of the previous ones. How-
ever, using these equations alone provides indeterminate systems (N
equations in N¢ + Np unknowns). To balance them, similarly to what
was done to achieve the same result in the computation of the Jacobian
matrix for the Newton-Raphson technique, a new set of equations is
obtained for each one, deriving the saturation index equations of the
solid species present with respect to 3, [C,]; and Ks;:

=dj, and 28 — = 0, it is possible to obtain the

sz

s, 1 & A
Tmﬂ@””f*@ % (39)
s 1 [ SI 0[Cy]

= bpjr— (39b)
9G]y st<; Gd; aC;
st 1 e SI; 0[Cy]
OKs, Ks< S”"+Zb’k[ck] OKs, (399

In the end, the result is i = N5 — N¢ systems of AX = B type, with:

S|

bj:—p,-J[/TJ j=1,...,N¢ (40a)
bj=0 j=Nc+1,....,Nc+Np

2|C;
X = g/ﬂ j=1,...,Nc¢ (40Db)
L) VN
Xj= 0, J=Nc+1,...,Nc + Np
r = N¢ systems AY = D with:
di=8, j=1,...,Nc¢ (41a)
d;=0 j=Nc+1,...,Nc+Np

9[C]

= =1,...,N, 41b
Y=g, Ne (41b)
yfa[P’] j=Nc+1,...,Nc+Np
Toac, o
and | = Np systems AZ = E:
=0 j=1,...,Nc (42a)

SI;
ej:(sj,,K—; j=Nc+1,...,Nc+ Np

el

J[¢]

-2 j=1,..., 2b
= 3K, sy N (42b)
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9[p]

- 0Ks,

j=Nc+1,..,Ne+Np

having all in common the same matrix of coefficients A, defined as:

Ng
S, L.
”L/:ZPL[PI:/%JH% i,j=1,...,N¢ (43a)
1 j
ay=bpy; i=1,...Nej=Nc,...,Nc+Np (43b)
SI;
a,J:bp,»_jm i=Nc+1,...;Nc+Npj=1,...,Nc (43c)
J
aiJ-:O l.,‘].:NCJF],...,N(?"‘NP (43d)

Using the obtained derivatives for the different components, it is
possible to compute the derivatives for the species with respect to ; and
[Crly:

as] . [S], R~ [8i] 9[¢]

% %5 T 2] o, (“42)
as] <~ [s] 9[c]

)~ 2="g] Ac, (40
s <~ [s] 9[c]

aTSr = ;Pum 073, (440)

2.6. Libraries used

From a technical point of view, the software has been developed in
the Python programming language, due to its large diffusion in the
scientific community, its ease of writing and its cross-platform nature.
Even if the produced code results in applications with slower execution
times compared to the compiled code counterparts (such as C or BASIC),
the use of highly optimized Python libraries, such as Pandas [37] and
NumPy [38], allowed to obtain considerable speed-ups that, together
with the ease the agile development allowed by Python itself, made it an
obvious choice.

The graphical user interface has been implemented using the Qt
framework through the use of its Python binding in the form of the
PySide6 library [39]. In addition to the above-mentioned Pandas and
NumPy libraries, used to manage tabular data and speed up the algo-
rithms, PyQtGraph [40] was used to give the application the ability to
chart the results obtained.

Finally, to package the application to allow its installation and
execution on machines that do not necessarily have Python installed we
used PyInstaller [41].

3. Results and discussion
3.1. Software interface

The software interface is composed by three tabs. Fig. 2a shows the
first (“Species™), i.e, that presented to the user at launch. There, it is
possible to define the chemical system that is going to be simulated in
terms of components and species present, using the two corresponding
tables (see Fig. 2a). In addition, using the fields in “Options” (on the
left), it is possible to decide whether to take into account the contribu-
tion of the ionic strength and if errors arising from the input data un-
certainties have to be considered. Selecting one of these options will
result in the activation, in the table dedicated to the definition of the
various species, of the corresponding fields where the values used in the
EDH equation and/or the uncertainties (expressed as standard deviation
of the given value) can be defined. These values can both be defined as a
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Fig. 2. “Species” tab of PyES's interface: a) table to define the species in solution; b) table to define the solid species.

project or on a per species basis.

An analogous table to that used to define the species in solution is
present in a sub-tab to define any solid species that could be present,
with the only difference given by the definition of a solubility product
instead of a formation constant (see Fig. 2b).

In the second tab (Fig. 3), it is possible to select the desired working
mode, i.e., titration simulation (Fig. 3a) or species distribution (Fig. 3b),
and input the corresponding required values. In detail, if we intend to
simulate a titration, the analytical concentration of each component in
both the titration vessel and the titrant is required. In the case of a
species distribution, only the analytical concentration for each compo-
nent is requested. For a titration, it is further required the input of: i) the
initial volume, ii) the amount of titrant added at each point, and iii) the
number of points to simulate. For a species distribution, the user has to
define: i) which component has to be considered independent, ii) in
which range of its concentrations the distribution has to be computed,
and iii) the number of points to simulate in the range. Additionally, in

both cases, if uncertainties have to be calculated, the uncertainty rela-
tive to each component concentration has to be provided.

If it has been chosen in the first tab to consider the effect of the ionic
strength, it is necessary to define the concentration of the background
ions (if any), which is the sum of the concentrations of all the ions that
do not take part in any of the considered equilibria, but for which their
contribution to the ionic strength cannot be neglected.

The third and last tab (“Calculate”, Fig. 4) is where the calculation
routine can be launched and where the results, and eventually the errors
that could arise, will be presented to the user.

Below the result prompt, it is possible to access the “Export Results”
menu in which the user can choose the desired format for exporting the
results (Fig. 5a), and the chart (in “Plot Results” option, Fig. 5b).

3.2. Example datasets and benchmarks

Various tests were performed to verify the coherence between the
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v L7

Calculate

w

Species Settings
Work Mode: Distribution ~

Analytical concentration:

b

co CT SigmaCO Sigma CT Volume Settings: C0  Sigma CO Indipendent Component Settings:
Ca 000123 00 123e-05 00 Initial Volume: 25.000 ml : Ca 000123 1.23e-05 Indipendent Comp: H
Mg 000167 00 167e-05 00 First Point Volume:  25.000 ml = Mg 000167 1.67e-05 Initial -log[H]: 4.000 -
: = Final -log[fH]: : <
Na 00659 00 00006 00 Volume Increments: 0.100 ml Na 00659 00006 inal -loglfH] 8.500
Number of points: 100 & -log[H] Increment: 0,100 7
K 00332 00 0.0003 00 K 00332 0.0003
NH4 00133 00 000013 00 Background lons Settings: NH4 00133 000013 Background lons Settings:
Initial C: 0.00000 mol/I s Concentration: 0.00000 mol/I 3
Cl 00682 00 0000682 0.0 Cl 00682 0.000682
Titrant C: 0.00000 mol/I s
PO4 0.00691 00 691e-05 0.0 PO4 0.00691 6.91e-05
SO4 0003 00 3e-05 0.0 SO4 0003 3e-05
Cit 0.00188 00 188e-05 00 Cit 000188 1.88e-05
ox 000017 00 17e-06 00 ox 000017 1.7e-06
H 0.001 -0.1 1e-06 0.0001 H 0.00 e-06

Fig. 3. “Settings” tab of PyES's interface: a) titration simulation; b) species distribution.

results obtained by PyES and those obtained by the well tested ES4 [8],
the parent software, and HySS [7], the latter probably being the most
widely used and currently available software for these purposes. The
chemical systems used as test, whose results are presented in this work
are: 1) a monoprotic acid, 2) the phosphoric acid [42], 3) a hypothetical
hexaprotic acid, 4) the Cu-glycine system from IUPAC [43], and a
chemical model simulating real urine samples [36]. Only the most
remarkable comparisons are reported in the main text, but all the out-
comes are comprehensively presented as Supplementary Material.

File 7
D P C

Species

v

o

Calculate

Settings
([ Debug to file
### Beginning Optimization ###
Loading data...

DATA LOADED!
calculating distribution of the species...

The performances of PyES on the calculation of the species distri-
bution diagrams were tested on different systems, but the comparison
between results obtained by PyES and those recently published by Berto
et al. [36] for chemical models able to predict the formation of kidney
stones from urine analysis proved to be particularly valuable. The
relevance of this comparison lies in two main facts: 1) in the afore-
mentioned work, the results were experimentally obtained, and the
species distribution were computed by the well validated HySS software
[71; 2) the complexity of the speciation model is particularly complex. In

Species Conc. [mol/L] (ca) (Mg) (Na) (X) (NH4) (c1) (Po4) (so4) (cit) (ox) (H) (PO4) (H) (PO4) (H)2 (PO
plH] I
4.0 0.103941 0.000893 0.001307 0.065419 0.032958 0.013043 0.0682 1.975893e-13 0.001987 0.000007 0.000020 1.000000e-04 0.000009  0.006600 7.3613
4.5 0.104023 0.000803 0.065321 0.032950 0.013039 0.0682 1.98660le-12 0.002000 0.000033 0.000022 3.162278e-05 0.000030 0.006634 2.3397
5.0 0.103741 0.000692 0.065256 0.032932 0.013042 0.0682 1.966092e-11 0.002019 0.000095 0.000026 1.000000e-05 0.000093  0.006572 7.3307
5.5 0.103489 0.000591 0.065172 0.032894 0.013051 0.0682 1.880479%e-10 0.002037 0.000175 0.000030 3.162278e-06 0.000281  0.006291 2.2195
6.0 0.103757 0.000520 0 0.064966 0.032820 0.013058 0.0682 1.644329e-09 0.002051 0.000243 0.000035 1.000000e-06 0.000775 0.005496 6.1306
6.5 0.104731 0.000470 0 0.064569 0.032687 0.013061 0.0682 1.175940e-08 0.002062 0.000288 0.000038 3.162278e-07 0.001750  0.003917 1.3810
7.0 0.105996 0.000425 0.000582 0.064107 0.032536 0.013061 0.0682 6.182932e-08 0.002073 0.000319 0.000043 1.000000e-07 0.002902  0.002051 2.2848
7.5 0.106807 0.000373 0.000548 0.063809 0.032439 0.013061 0.0682 2.455032e-07 0.002081 0.000343 0.000049 3.162278e-08 0.003638  0.000812 2.8600
8.0 0.107031 0.000291 0.000523 0.063693 0.032404 0.013059 0.0682 8.270783e-07 0.002089 0.000371 0.000062 1.000000e-08 0.003874  0.000273 3.0442
8.5 0.106953 0.000185 0.000496 0.063670 0.032402 0.013056 0.0682 2.57785%e-06 0.002098 0.000412 0.000098 3.162278e-09 0.003819  0.000085 3.0014
Species (ca) (Mg) (Na) (K) (NH4) (Cl) (Po4) (s04) (Cit) (ox) (H) (PO4) (H) (PO4) (H)2 (PO4) (H)3 (Cit) (H) (Cit) (H)2 (Cit) (H)3 (ox) (H) (cCa) (C
% relative to comp. ca Mg Na K  NH4 cl1  ro4 so4 cit ox H Po4 P04 Po4 cit cit it ox
plH]
4.0 72.56 78.24 99.27 99.27 98.06 100.0 0.00 66.22 0.37 11.85 0.0 0.13 95.52 1.07 25.38 54.32 4.00 11.86
4.5 65.26 71.11 99.12 99.25 98.04 100.0 0.00 66.67 1.78 13.18 0.0 0.43 96.01 0.34 38.28 25.90 0.60 4.17
5.0 56.27 60.11 99.02 99.19 98.06 100.0 0.00 67.30 5.03 15.27 0.0 1.34 95.11 0.11 34.28 7.34 0.05 1.53
5.5 48.05 49.87 98.90 99.08 98.12 100.0 0.00 67.90 9.33 17.87 0.0 4.06 91.05 0.03 20.13 1.36 0.00 0.57
6.0 42.32 42.93 98.58 98.85 98.18 100.0 0.00 68.35 12.93 20.31 0.0 11.22 79.54 0.01 8.82 0.19 0.00 0.20
6.5 38.20 38.21 97.98 98.46 98.20 100.0 0.00 68.75 15.32 22.56 0.0 25.33 56.69 0.00 3.30 0.02 0.00 0.07
7.0 34.56 34.87 97.28 98.00 98.20 100.0 0.00 69.09 16.96 25.01 0.0 42.00 29.68 0.00 1.15 0.00 0.00 0.02
7.5 30.32 32.84 96.83 97.71 98.20 100.0 0.00 69.36 18.22 28.57 0.0 52.65 11.75 0.00 0.39 0.00 0.00 0.01
8.0 23.67 31.32 96.65 97.60 98.19 100.0 0.01 69.63 19.74 36.62 0.0 56.06 3.96 0.00 0.13 0.00 0.00 0.00
8.5 15.05 29.67 96.62 97.60 98.17 100.0 0.04 69.92 21.90 57.59 0.0 55.27 1.23 0.00 0.05 0.00 0.00 0.00
Species Std. Dev. [mol/L] (ca) (Mg) (Na) (K) (NH4) (c1) (P04) (504) (cit) (0x)  (H) (P04) (H)  (PO4) (H)2
o
b Calculate
Export Results {8 Plot Results

Fig. 4. “Calculate” tab of PyES's interface.
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Fig. 5. a) “Export Results” menu of PyES's interface; b) chart obtained by “Plot Results” option.

fact, concerning the latter, the considered chemical model consists of 50
species (of which 11 are components) and 2 solid species. The model
takes into account the equilibrium of various anionic systems (phos-
phate, citrate, oxalate, sulfate) and their interaction with calcium,
magnesium, sodium, potassium and ammonium. The comparison be-
tween the results obtained by the two software for one of the samples
referenced in the original article is presented in Fig. 6.

The data processing was carried out working at fixed ionic strength
and neglecting the errors on concentration and formation constants
values, consistently with what is allowed by HySS, which has the limi-
tation that it cannot manage these input data. The obtained results
appear to be independent of the used software.

The performances of PyES on the titration simulation were tested on
three chemical systems containing acidic components with a different
number of protogenic groups: a generic monoprotic acid (¢ =1 x 1072
mol dm’3); a solution of phosphoric acid (c =1 x 103 moldm %) and a
hypothetic hexaprotic acid (c = 1 x 10~3 mol dm~3). Furthermore, the
titration simulation function was tested on a solution of Cu®* (cqy = 1 x
1072 mol dm ) and glycine (cgy = 2 x 1073 mol dm3). (All details
relative to the chemical models are reported in Supplementary Material,
Table 1S and 3S). The results obtained by PyES were compared with
those obtained by both ES4 and HySS (Fig. 7) and showed a very good

10

agreement between the three different computations for all the tested
chemical systems. The titration curves obtained overlap perfectly.

The percentage differences between the concentration values esti-
mated by PyES and by the other two software are generally lower than
0.5% for both titrations and species distribution simulations (see details
of the Supplementary Material, Table 2S and 4S).

4. Conclusions

The PyES software here presented, besides being an updated version
of the parent software ES4, compatible with actual operative systems
and easy to use, is a product with interesting new functionalities. It
calculates the concentration of species in solution at equilibrium, with
virtually no limit to the number of species and/or components. It can
manage the variation of the ionic strength of the system, and differently
from HySS, can calculate the concentrations of the different species
using the stability constants corrected for the change of the ionic
strength of the system. Moreover, by improving ES4, it can manage the
presence of solid species performing the error propagation to estimate
the uncertainties of the species concentrations starting from the un-
certainties of stability constants, solubility products and components
concentration. Comparison with other tested software suites proved
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Fig. 6. Species distribution diagrams directly obtained by a) HySS and b) PyES for the same chemical system, simulating a real urine (chemical model and com-

ponents concentration values are reported in the ref. Berto et al. [36]).

e 3 e b Fig. 7. Simulated titration curves computed by PyES
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successful with results inside an acceptable margin of error. In other
words, PyES represents a relevant advance for any researcher dealing
with chemical speciation, because it is a modern open-source software,
written according to solid mathematics and allowing any user to
perform chemical equilibria calculations, taking into account both sol-
uble and insoluble species, with the advantages of considering the
variation of ionic strength and computing uncertainties.

PyES and the source code are freely available for download at htt
ps://github.com/Kastakin/PyES.

The availability of the source code makes it continuously improvable
by the scientific community. Thanks to the modularity of the written
routines, future new functionalities could be easily implemented
expanding the scope of the software itself. Our hope is that, in the near
future, PyES will be able to be considered one of the main platforms to
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perform the computation for thermodynamic chemical equilibria in
solution.

5. Validation

5.1. Prof. Maurizio Remelli’

. Dipartimento di Scienze Chimiche, Farmaceutiche ed Agrarie, Uni-
versita degli Studi di Ferrara, Via Luigi Borsari 46-44121 Ferrara,
Italy
The authors present here the version 1.0 of the program PyES, an

open source program available for the most common operating systems.
The program aims to allow the calculation of species distribution in a
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complex system, starting from the speciation model and the stoichio-
metric concentrations of all the components. PyES also allows to simu-
late titrations where each of the components can be taken as the titrant.
The results are presented both in tabular form, which can be exported to
a common spreadsheet, and in chart form, the appearance of which can
be customized in many ways. The program also performs the calculation
of the ionic strength, point to point, if this parameter is selected as
variable, i.e. with reference to real systems, in the absence of a
concentrated background electrolyte. The formation of precipitates can
also be taken into account.

The interface is intuitive and user-friendly; the use of the program
does not require special knowledge of computer science, but only basic
knowledge in analytical chemistry related to titration processes and
solution equilibria.

The program has been tested on standard systems, such as the nickel/
glycine system, that has been the subject of an inter-laboratory study in
the past [A. Braibanti, G. Ostacoli et al. (1987) Pure Appl Chem 59(12):
1721-1728]; the results have been compared with those provided by the
Hyss program [L. Alderighi, P. Gans et al. (1999) Coord Chem Rev 184:
311-318] widely used by the scientific community for similar purposes,
but available only in executable form.

5.2. Prof. Carmelo Sgarlata® and Ms. Giuseppina D.G. Santonoceta
(graduate student)?

2. Laboratory of Calorimetry and Analytical Supramolecular Chemistry
(CASaC) Department of Chemical Sciences, University of Catania
Viale A. Doria 6, 95125 Catania, Italy

PyES is a novel application for the determination of the species dis-
tribution and the simulation of titration curves from chemical equilibria
data, which has its proper place in the framework/family of software
commonly used for solution thermodynamics calculations. The program
is an advantageous and easy-to-use tool for researchers who work on
chemical speciation or need to determine the amount of species formed
in a multicomponent solution. Furthermore, the conditions for a titra-
tion can be suitably simulated thus making the software convenient for
experimental design purposes. The model containing the species in so-
lution (and/or in the solid phase) can be easily defined through a
modern and intuitive dialog window.

Unlike similar applications, PyES is able to perform calculations at
variable ionic strength and, remarkably, it can estimate the uncertainties
on the concentrations of the species from the errors of the input quan-
tities. This is a key point as the uncertainty on the calculated species is a
crucial parameter to evaluate the significance of the outcomes.

PyES enables the user to visualize and handle the results though a

Symbols

C; Component i

Si Soluble species i

P; Precipitable species i

[Cily Analytical (total) concentration of Component i

N¢ Number of components

Ng Number of soluble species

Np Number of precipitable species

Dij Stoichiometric coefficient of component j in soluble species i
bp;; Stoichiometric coefficient of component j in precipitable species i
Bi Stability constant of soluble species i

Ksi Solubility product of precipitable species i

SI; Saturation index of precipitable species i

Vo Initial volume in titration vessel

Vn Titrant added at titration at point n

o Variance of parameter x
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clear-cut output file/table which contains both the concentration and
the percentage of formation of each species, the associated uncertainties
as well as the ionic strength change during a titration simulation. Mul-
tiple tests and trials demonstrated that all calculations are correctly
performed. All results are displayed as simple plots that may be used for
presentation/publication purposes and can be exported as spreadsheet
data for further analysis.

The free-to-use model and the availability of the source code will
ensure a continuous development of the software through the direct
contribution of the scientific community, in line with the open science
approach. PyES displays those novelty, robustness and integration fea-
tures that are currently required by researchers who deal with chemical
equilibria and speciation on a daily basis.
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