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Abstract

Thermodynamic behavior has been extensively used to evaluate the stability of materials and predict the direction of the
chemical reaction at different pH values, temperatures, potentials, and ion concentrations. Although researching efforts on
Sn species in an aqueous solution system (Sn/H,0) of acid, alkali, and salt have been reported, scattered data leads to the
inefficiency of a thermodynamic method in the practical application. This article provides a brief review on the potential-
pH diagram for Sn/H,O system, which reflects the thermodynamic behavior of Sn species in an aqueous solution and
extracts thermodynamic data for the practical application of Sn species. Firstly, the relationship of the thermodynamic
behavior, potential-pH diagram, and equilibrium relations of Sn species for Sn/H,O system was overviewed. Additionally,
the potential-pH diagram of Sn/H,0O system at different temperatures (298 K, 373 K, and 550 K), dissolved Sn activities (1,
107, 1073, and 10°%), and the potential-pH diagram of the Sn species in a chloridion aqueous solution (Sn/H,0-CI) was
summarized. Finally, the application prospect of the potential-pH diagram for Sn/H,O system was investigated in the

intelligent simulation of Sn metallurgy and the practical application of Sn materials.
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1. Introduction

Sn(Tin)-based materials have received extensive
applications in the fields of the electronic technology,
communications engineering, chemistry, machinery,
and aerospace industry owing to its low melting point,
strong exhibition, strong plasticity, corrosion
protection, and other excellent characteristics.
Moreover, the novel Sn-based materials such as
refractory materials, special glasses, and battery
materials have brought a wide application prospect for
Sn-based materials [1].

Sn/H,O0 system is widely used in the
hydrometallurgy [2], electroplating [3], organotin
chemistry [4], and the production process of Sn
products. Therefore, the thermodynamic data of the
transformation of Sn species in the system plays an
important role in studying thermodynamic behaviors.
Fortunately, the potential-pH (¢-pH) diagram for
Sn/H, 0O system provides an intuitive way to judge the
potential-pH domain in which each species is stable
[5-7]. Tt also can be used to determine the direction of
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the chemical reaction and explain thermodynamic
behaviors of Sn/H,O system to optimize the
production process [8, 9]. Therefore, the o¢-pH
diagram of Sn/H,O system can provide a theoretical
guidance for the produce process and the application
of Sn to meet the electrochemical energy storage and
catalytic fields. However, Sn compounds with
different  oxidation  states have  different
thermodynamic behaviors, leading to the formation of
complex compounds in various systems, which makes
it difficult to obtain the complete thermodynamic
data.

In this review, the development of the ¢-pH
diagram of Sn/H,0 system is discussed. The
thermodynamic behavior of Sn/H,O system with
different temperatures and ionic concentrations are
summarized in detail. Additionally, the information on
the application of ¢-pH diagrams for optimizing the
production processes is overviewed. Finally, the
perspective and suggestion about the development of
the ¢-pH diagram of Sn/H,O are presented.
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2. Thermodynamic and potential-pH diagram
method

Since the 1920s, the relationship between the
redox potential and the pH value has been extensively
reported, and then Clark was the first to use it to
describe the relationship of the electrochemical
equilibrium between the water molecule and the
hydrogen ion or oxygen. After that, it was used to
determine the equilibrium potential and pH value of
systems with the coexistence of oxidants or reductants
[10]. In the 1930s, Pourbaix developed the above
theory and further improved the ¢-pH diagram. Then
Pourbaix’s group optimized a ¢@-pH diagram and
determined the relationship between a pH value and a
reaction potential of ions and solid compounds in
solution by using thermodynamic parameters [11].
Based on this, the relationship between the reaction
potential and pH value was deduced from the reaction
components, and the thermodynamic diagram with
the redox potential as an ordinate and the pH value as
an abscissa was obtained.

According to the effect of the reaction potential
and pH value on the thermodynamic behavior with the
different temperatures and activities of components,
the @-pH diagram was constructed [12, 13]. The lines
in the ¢-pH diagram correspond to a thermodynamic-
equilibrium equation, and the points of intersection
for lines represent the equilibrium under the same
potential and pH. Additionally, the area between lines
in a @-pH diagram indicates the thermodynamic
stability region of species. Moreover, two types of the
¢-pH diagram, the planar diagram and three-
dimensional diagram, have been reported, and the
planar potential-pH diagram will be described in this
paper [10, 14].

In short, the thermodynamic behavior for Sn/H,O
system is largely dependent on pH, temperature,
equilibrium constant, potential, and ion concentration
[15]. The transformation level and the stability of Sn
species in an aqueous solution might be distinctly
expressed by the free energy (A G, /kJ-mol™) [16]
and the equilibrium constant (K®) [17], which is
derived from the thermodynamic theory [18] and the
dynamics theory of a solution [19].

2.1. Influence of pH on Sn behavior in an
aqueous solution

The dissociative behavior for an aqueous solution
might be expressed by H/O = H" + OH", where the
expression of equilibrium constant (K?) was obtained
at 298 K as follows (a is the activity of the species)

[20].
(1)

K'=[H] - [OH | =a = 1.0-107"
@

<1-1*) (OH )

H— loga, =14

(OH™)

However, the ionization and solubility of
compounds in an aqueous solution varied with the pH
value and the free energy [21, 22]. Sn(Il) ion, for
example, the dissociation equilibrium of Sn(OH), in
Sn/H,O system might be expressed by Sn(OH),(s) =
Sn* + 20H". According to the theory of the chemical
equilibrium, the standard thermodynamic equilibrium
constant is given by K® (Sn ) (o OH ))z/oc(Sn(OH)z(s))
and simplified into K° (Sn) (L. )2 While the
activity of o(Sn(OH), (s)) 1, the following
logarithmic expression can be obtained.

(€))

The variation of A G, ° (kJ-mol™") for this reaction
was a characteristic constant for the process from
AG, ° = — RTInK® where K is the equilibrium

constant. Meanwhile, the relationship between the
activity of Sn** and OH™ was obtained as follows:

logK® =loga +2loga

(sn*) (OH™)

loga, .. =-A,G,’ /(2.303RT)-2loga “)

(Sn*) (OH™)

Where R is the molar gas constant (8.314
J-mol™-K™), T is the absolute temperature (K), and
Oy, 18 the activity of Sn*".

The relationship between the pH and the ion
activity at 298 K is given by the following equation.

= 14-A,G," /(5705.85:2) - 0.5loga ..., )

Taking Sn(OH), in Sn/H,O system as an example,
a reaction in which H" ions were involved but not
involved in redox reaction, these equilibriums
depended on the pH but not on the redox potential. It
is represented by a set of vertical lines in the ¢-pH
diagram where pH and potential are the x-coordinate
and y-coordinate, respectively. Remarkably, the
solubility of Sn(OH), in an aqueous solution varied
with pH, while the concentration of Sn** and OH™ in
pure water could be ignored, so the activity coefficient
of Sn*" and OH™ in pure water was 1.

2.2. Influence of the redox potential on Sn
behavior in an aqueous solution

According to the electrochemical reaction theory,
the redox reaction involves the transfer of electrons at
the interface between an electrical conductor and an
ionic conductor. It can be defined as two half-cell
reactions, including the oxidation and reduction
processes [19]. Specifically, the oxidation reaction
occurs on the anodic surface, while the reduction
reaction occurs on the cathodic surface according to
the reversible equilibriums (6) ~ (8).

(6)

Sn+ 2H =Sn""+ H,
(7

Oxidation reaction: Sn** + 2e =Sn
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Reduction reaction:2H" + 2e = H, ®)

2.2.1. Redox potential (¢°) of Sn ion and metal

The reaction that metallic Sn forms into Sn*" in
Sn/H,O system is represented as the equation (7). The
relationship between the redox potential and the ion
activity of the above reaction in an aqueous solution
can be expressed by the Nernst equation (9) [23].

)

Where =z represents the electron transfer
coefficient during a redox reaction, F represents the
Faraday constant (96500 C-mol™"), and ¢ represents
the standard redox potential (V). The relationship
between A G, © and ¢° [24] is given by equations (10)
~(12).

¢ =0 51150 +(RT/ zF) - Incx

(Sn2+)

Aerez - ZF(PQ(Snb /5n) (10)
‘p9(3n2+/5n) == Aere /(96500'2) (11)
p=-AG," /(96500 - z)+(RT/zF)-Inag,.., (12)

Taking Sn** in Sn/H,O system as an example, a
reaction in which H" ions were not involved but they
were involved in oxidation state change (equation
(7)), these equilibriums depended on the redox
potential, but not on the pH wvalue. This was
represented by a set of horizontal lines in a ¢-pH
diagram. The location of the lines was related to the
value of the logarithm of the Sn®" activities (e.g.,

Ing.).

2.2.2. Redox potential of the conversion from
Sn(Il) to Sn(V)

The conversion from Sn(II) to Sn(IV) is shown in
the equation (13). Redox potentials in the equations
(14) and (15) are in conformity with the Nernst
equation.

Sn** + 2e=8n*" (13)
Disnss 1sn2+) :(P9(5n4+/5n2+) + (RT/ZF)' (14)
In(og,a) / 0 s,00)

@=-A,G"/(96500-z)+(RT / zF)- (15)

(Inag,.) = Inog,. )

Taking the conversion from Sn(II) to Sn(IV) in
Sn/H,O system as an example, a reaction in which H"
ions were not involved but were involved in oxidation
state change(equation (9)), these equilibriums
depended on the redox potential, but not on the pH
value. This was represented by a set of a horizontal
line in a ¢-pH diagram. The location of the lines was

related to the value of the logarithm of the Inag ., and
lna(sw.
2.2.3. Redox potential of the complexation
reaction for Sn(Il) and Sn(IV)

Thermodynamic behavior for the Sn(II) and
Sn(IV) compounds in an aqueous solution extensively
depend on a pH value [25] and a coexisting anion.
Previous reports indicated that Sn(II) compounds
mainly existed in insoluble or soluble salts with pH <
7, while Sn(II) and Sn(IV) compounds were readily
hydrolyzed in an aqueous solution to form oxide
hydrates, which were then dissolved in acid or alkali
solutions and existed as [Sn(OH),]” [26]. The reaction
equilibrium of Sn(Il) and Sn(IV) ions is shown in the
expressions (16) and (17) [27]. The thermodynamic
equilibriums of Sn(OH), are given by the equations
(18) and (19) and the expression of the redox potential
change is given by the below equations (20):

xSn* + yH,0 = Sn, [(OH)JGHH +yH (16)
sut +yH,0 = saf(0m) | 4y (17)
Sn** +20H" = Sn(OH),(s) (18)
Sn(OH),(s)+2e = Sn+20H (19)
Pusutonysrsn =9 isomyorsn — (RT12F) In(et g, ) (20)

Taking the conversion from Sn(OH), to Sn in
Sn/H,O system as an example, a reaction in which H"
ions and change of oxidation state were involved
(equation (19)), the direction, and the equilibrium of
the reaction depended on the redox potential and the
pH value. This was represented by a set of oblique
parallel lines in a @-pH diagram. The location of the
lines was related to the value of the logarithm of the
function of pH value and Sn*" activities.

3. Thermodynamic equilibriums of Sn in an
aqueous solution

Owing to the formation of Sn oxide layer to
prevent it from contacting active substances, metallic
Sn displayed the excellent stability in air, but it was
facially dissolved in a strong acid and alkaline solution
[28, 29]. Sn is a polyvalent metal with the valence of
Sn(1l), Sn(ll), Sn(IV), but Sn(Il) and Sn(IV) are
common in previous studies [30]. Among them, Sn(II)
and Sn(IV) ions in an aqueous solution are hydrolyzed
in an aqueous solution to form a hydrated oxide [31,
32]. Davies [32] found that Sn(II) and Sn(IV) species
showed different oxides or hydroxyl compounds in
different pH values. For example, Sn(Il) and Sn(IV)
were converted to a hydrated oxide precipitation in
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systems with pH > 2.5. However, sodium stannate
(Sn(IV)) was stable in an alkaline system, whereas
stannite (Sn(II)) formed into metallic Sn in an alkaline
system. The conversion sequence of Sn was Sn —
Sn(Il) — Sn(IV) in an alkaline system, while the
conversion sequence of Sn was Sn — [Sn(OH),]” —
[Sn(OH),J* in an acidic system [29]. Drogowska [33]
found that Sn(IV) species were mainly [SnO(OH),]
(pH > 8) and SnO(OH), (pH < 7), and moreover
Sn(OH), was the main compound of Sn(II) species in
natural water. Pourbaix summarized the free energy
for Sn compounds ([HSnO,], [SnO,]*, SnO, SnO,,
and SnH,(g)) by the electrochemical corrosion theory
[34]. It helpfully provided for many thermodynamic
references to the Sn production and application
process. Kragten et al. investigated the dissolution
behavior for the Sn(IV) compounds in an aqueous
solution and indicated that Sn(IV) formed insoluble
SnO,'nH,0 in a strong acidic condition. They
confirmed that Sn(IV) species in an aqueous solution
conformed to the following chemical changes: Sn*" «
Sn(OH)** < [Sn(OH),]** <> [Sn(OH),]" < Sn(OH),
< [Sn(OH),]” < [Sn(OH),]* and Sn(OH), <
SnO,'nH,O [35]. Begum found that Sn reacted with
halogen to form the Sn(OH), passivation layer on the
metallic Sn surface in a solution of sodium hydroxide,
but the passivation layer was oxidized to SnO, at a
higher redox potential [36]. Thermodynamic behavior
of Sn(II) has also been widely discussed in previous
studies, such as SnOH', Sn(OH), ., [Sn(OH),],
[Sn,(OH),]*, and [Sn,(OH),]** [37]. Din et al
summarized a set of AG ° and ¢° data by
investigating the reaction of Sn anode in alkaline
solution, and they found that the primary passivity was
attained in all solutions when the metal was covered
with a film of Sn(OH), or SnO [38].

3.1. Potential-pH diagram for water

Sn species in an aqueous solution could be

indispensable to the fields of the metal corrosion [39],
metallurgy [40], analytical chemistry [41], and
electrochemical industry [42]. However, aqueous
solution dissociates producing oxygen when the
potential is above its redox potential, and aqueous
solution dissociates release hydrogen when the
potential is below its redox potential [43, 44]. In a
system which aqueous solution participates in redox
reactions, all aqueous chemistry would have to
happen in the thermodynamic stability field. On the
contrary, chemical reactions may happen outside of
the water stability field without an aqueous solution
[45]. Obviously, the thermodynamic stability of water
would affect the behavior of Sn/H,O system, which is
the reason why the thermodynamic behavior of water
is chosen for the potential-pH diagram theory of
Sn/H,O system. As shown in Figure 1, the region
below the line b in Figure la was defined by the
equation (24), where hydrogen was precipitated from
the solution by the equation (21). The figures were
drawn by the OriginLab software of 2019b version,
all of which were drawn by the same software. In
contrast, the region above the line a was defined by
the equation (28), where oxygen was precipitated
from the solution by the equation (25) [46].

At 298 K, the Nernst equation was used to
calculate the relationship of potential, pH value, and
hydrogen partial pressure, which were expressed by
two equilibrium equations (23) and (24) [45], where
Py was the hydrogen partial pressure (Pa), and p°
was the standard atmospheric pressure (Pa). Below
the line b, the redox potential was more negative than
hydrogen, resulting in the generation of hydrogen
(Figurela).

1.5 15
I a
1.0 0, 1.0
0.5 a L0.5
> 1l d\
3_ ~
0.0 L8 0.0
0.5 0.5
H —
-1.0- 2 c~t-1.0
0 2 4 6 8 10 12 14
pH

2H" +2¢ = H, (21)
2H,0+2e = H,+20H" (22)
Puryormy) = Py iy :(pg(H*/HZ) +(RT / zF)- (23)
ln((a(H+))2 /(P(HZ) /po))
1.5 15
I
1.0 O L1.0
cd e
0.5- L0.5
2 il
< 0.0- H,0 0.0
0.5 g 0.5
i
-1.01 H, -1.0
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Figure 1. a The p-pH diagram for water withp, =p, = P, lines a and b corresponding to 298 K, Lines ¢ and d
corresponding to 373 K [5]. b The p-pH diagram for water under saturated vapor pressure, lines ¢ and f corresponding

to 398 K, lines e and h corresponding to 448 K, and lines d and g corresponding to 478 K [5]
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— 0.059pH —0.0295log(py,,, / p°)  (24)

qD(H*/Hz) =

The oxygen evolution reaction is usually defined
by the equations (25) and (26). According to the
expressions of (27) and (28) [45], where Pyo, Was the
oxygen partial pressure (Pa), the relationship of
potential, pH value, and hydrogen partial pressure at
298 K was calculated. In the area above the line a in
Figure la, the thermodynamic properties of water
were unstable.

O, +4H" +4e =2H,0 (25)
40H™ +4e = O,+2H,0 (26)
Po,m,0) = Posr0my :‘PE?(OZ/OH*) +(RT/ zF): @7

l”((p(ol) / ps)'(a(ﬁ+))4)
= 1.229-0.0591pH + 0.0148log(p,,, / p”) (28)

(p(Oz loH™)

The region between the line a and line b belonged
to the thermodynamically stable region of water
(Figure 1a).

As shown in Figure 1b, lines ¢ and f, lines e and h,
and lines d and g represented the potential-pH
diagram for water at the saturated vapor pressure of
398 K, 448 K, and 478 K, respectively. Similarly, the
region between two lines belonged to the
thermodynamically stable region of water. Lines ¢ and
f, lines e and h, lines d and g conformed to the
equations (23) and (27), which supplemented the
thermodynamic data of water at a high temperature.

3.2. Potential-pH diagram for Sn/H,0 system

Since Sn(II) and Sn(IV) compounds are intersex
ions, Sn(IV) compounds are acidic in an aqueous
solution, and Sn/H,O systems are extremely complex
[32]. The standard free energy of formation
(Gfe/kJ ‘mol™") for the selected Sn compounds at 373
K and 550 K are shown in Figure 2, whose

thermodynamic data was obtained from the reported
literature [27, 34, 47].

The thermodynamic behavior of the reaction
components was derived directly from the Nernst
equation, and the influence of pH on the stability of
components was derived from K° and AGP°. The
possible chemical equilibrium and thermodynamic
data of Sn/H,O system are shown in Table 1.

The ¢-pH diagram for Sn/H,O system in Figure 3
was derived from the relationship of the potential, pH
value, and equilibrium that were provided by the
logarithm of the gas partial pressure and the
concentration function of Sn compounds in Table 1.
This provided the information that Sn and SnH,(g)
(p(SnH,(g) were the SnH,(g) partial pressure (Pa))
and were thermodynamically stable in strongly
reducing systems, whereas Sn(II) compounds were
pH-dependent. Furthermore, it clearly indicated that
metallic Sn may be oxidized to SnO, at a redox
potential of about 2.02 V (Figure 3c) and then form a
passivation film with a limited range of a pH value
and redox potential [58]. Sn(Il) ion was unstable in a
wide pH range (0 ~ 14), indicating that Sn(II)
compounds were in the form of Sn?*, SnOH",
Sn(OH),, [HSnO,]", and [Sn(OH),]". At the higher
redox potential, stannous was oxidized to stannic
species, and the main Sn(IV) existing in the higher
redox potential was SnO,(s), Sn(OH),, [SnO,]*", and
[Sn(OH),]* (Figure 3c).

Under certain conditions of pH, the redox
potential, ionic concentration, and Sn species were
stable in a Sn/H,0 system until the original
equilibrium was broken. As shown in Figure 3, Sn
may corrode in an aqueous solution with the condition
change. However, Sn was stable in the ¢-pH diagram
region, because Sn surface was covered by
Sn(OH),(s), Sn(OH),(s), SnO(s), and SnO,(s),
resulting in a decrease in the dissolution rate of metal
Sn.
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S -400 1 @
= @) =
< 600 -0 -2
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Figure 2 Schematic illustration of the selected AG/ O for Sn/H,O system at 298 K. The Sn species data were retrieved from
the re/erences [27 34, and 47]
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Table 1. The reaction equilibrium for Sn/H,O system at 298 K

Equilibrium [Ref.]

¢/ (V)orpH

Sn** + 2e = Sn, [34, 48, 49, 50]

=-0.14 + 0.0291logo,

(Sn*)

Sn** + 2e = Sn*", [34, 48]

¢=0.15+0. Ozglog(a(Sn of Qs ))

SnO + 2H' = Sn?* + H,0, [34, 47]

pH = 0.52 — 0.5logoa

(Sn*)

Sn0, + 4H' = Sn** + 2H,0, [34]

pH =-1.94 — 0.25loga.

(Sn*)

SnO + H,0 = H' + [HSnO,], [34, 47, 50, 51]

pH = 14.78 + logo,

[HSnO:]~

SnO + 2H* + 2e= Sn + H,0, [34]

@=-0.11-0.059pH

[HSnO,]” + 3H™ + 2e = Sn + 2H,0, [34]

¢ =0.33 —0.089pH + 0.0291og0.

[HSnO:]

Sn + 4H" + 4e = SnH,, [34]

¢ = 1.074 — 0.059pH — 0.015logp,g .,

Sn(OH), =Sn** + 20H", [47]

pH =0.71 — 0.5logo ..,

Sn(OH), + 4H" = Sn*" + 4H,0, [27]

pH =-0.29 — 0.25loga.

(Sn*)

Sn(OH), + 2e = Sn + 20H, [42, 44, 52]

@ =—0.094 - 0.059pH

Sn(OH), + 2e = Sn(OH), + 20H, [36, 53, 54]

¢ =0.073 — 0.059pH

Sn(OH), + 2¢ = Sn* + 40H, [35]

¢ =0.12 — 0.12pH — 0.029loga .,

Sn(OH), = H* + [HSnO, ", [47]

pH = 14.39 + logo,

[HSnO.]

Sn(OH), + 20H" = [Sn(OH)J*", [48]

pH=11.09 + O«SIOga[sn(OH)b]*

[Sn(OH),]* + 2e = Sn(OH), + 40H", [48]

¢ =0.73 — 0.12pH + 0.0291oga,

[Sn(OH)qJ

[Sn(OH),J* + 2¢ = [HSnO,]" + H,0 + 30H, [48]

¢ =0.31-0.089pH + 0.0291og(a. .ol

[Sn(OH)sJ* “[HSnO,] )

SnO, + 4H" + 2¢ = Sn** + 2H,0, [34]

¢ =-0.077 - 0.12pH — 0.0291og.

S(Sn*)

Sn(OH), +2e = SnO + 20H" + H,0, [48, 54]

¢ = 0.085 — 0.059pH

[Sn(OH),J*+ 2¢ = SnO + H,0 + 40H, [48]

¢ =0.74 - 0.12pH + 0.0291ogo,

[Sn(OH)J*

[Sn(OH)]*" = SnO, + 2H,0 + 20H", [48]

pH = 14.38 + 0.5loga.

[Sn(OH)s]*

[SnO,]* + 3H" + 2¢ = [HSnO,] + H,0, [34]

¢ =0.37 - 0.089pH + 0.0291o0g(a.

[SnOs] [HSnOz]')

SnO, + H,0 = 2H" + [SnO,]*, [34]

pH = 15.55 + 0.5loga

[SnO:J

Sn0, + H,0 + 2e = [HSnO,]” + OH", [48]

¢ =-0.59 - 0.029pH — 0.0291o0go

[HSnO:]

Sn** + H,0 = SnOH" + H', [55, 56, 57] pH = 3.88 + log(og, o) /Oy )
Sn** + 3H,0 = [Sn(OH),]” + 3H", [55, 56] pH = 6.24 + 0.3310g0g, o511/ s

2Sn*" + 2H,0 = [Sn,(OH),]** + 2H", [55, 57] pH = 2.19 + 0.51080g,» o) — 1080
2Sn** + 3H,0 = [Sn,(OH),]" + 3H", [55] pH=225+ 0.3310ga[5n2(0m3] —0.67logag..,

3Sn*" + 4H,0 = [Sn,(OH),]*" + 4H", [55, 57] pH = 1.66 + 0.25logo . o, — 0-75l0gag .
[SnO,]* + 3H" + 2¢ = [Sn(OH),], [55] ¢ = 0.287 — 0.089pH + 0.029108(05,0,1-/ % sn0m”)

Sn* + 3H,0 = [SnO,]* + 6H", [55] pH =3.89 + 0.167log (0,0, /Otg gy)

@ 00

BY SA
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Figure 3. Potential-pH diagrams for Sn/H,0 system at 298 K (p[SnH (g)] = p(H,) = p°) at the activity of dissolved Sn of
al,bl0, ¢107 andd 10°° The Sn species data were retrieved from the reference [27, 34-36, 42, 44, 47-57]

3.3. Potential-pH diagram for Sn/H,0-anion
complex systems

In a Sn/H,O system, Sn ions react with ligands to
form coordination compounds. In this paper, the
thermodynamic data of Sn(II) and Sn(IV) reacting
with CI, F~, [CO,]*, [SO,]*, and [PO,]* was
investigated. The dissociation constants (K ) of Sn(II)
and Sn(IV) at 298 K are listed in Table 2 where /
represents the ionic strength.

Recently, Sn and halide ions in an aqueous solution
have been extensively studied in the production and
application of Sn owing to advantages of their
conductivity, stability, and low coast [59-62]. For
example, Cigala demonstrated that 60% of the inorganic
Sn(II) in an chloridion aqueous solution was SnCl_and
Sn(OH)CI (pH < 4.5) [37]. Séby et al confirmed that the
influence of chloride ions on Sn(II) species could be
ignored under the condition of pH > 4, while Sn(Il)
hydrolysate predominated in a system with a higher pH
value [55]. The thermodynamic equilibriums of Sn(II)
and Sn(IV) reacting with chloridion were obtained by
the following equations (29 ~ 34) [33, 63]:

[SnCl,, .,

167" +CI = [SnCl,1*" (29)

SnOH* +nCl™ = [SnOHCI """ (30)

SnO(s)+2H* +4CI" = [SnCL]*" + H,0 €2))

SnOHCI-H,0(s) + H*+ 3CI" = [SnCL} + 2H,0 (32)

SnO,(s) +4H" +6CI" = [SnCL )" +2H,0 (33)

Sn** +ClI" +2H,0 = SnOHCI-H,0(s)+H*  (34)

As shown in Figure 4, the ¢-pH diagram of
Sn/H,O-CI system showed that the dissolved activity
of Sn and chloride ions was 10~ and 1 and p[SnH (g)]
= 1 at 298 K. The complexation reaction to form
Sn(II) and Sn(IV) chloride complexes([SnCl,]*",
SnOHCI, et al.) reduced the predominance area of Sn
[27]. Furthermore, Sn(IV) was converted to
SnOHCI-H,O(s) at pH < 1 and to [SnCl,]*" at pH = 3.
In acidic solutions containing chloride ions, Sn(IV)
species were dominated by [SnCl,]*".

3.4. Potential-pH diagram for Sn/H 0 system at
elevated temperature

Hydrometallurgy, corrosion, chemistry, and other
engineering processes mostly involve an elevated
temperature. Therefore, ¢-pH diagrams at an elevated
temperature play an important role in Sn/H,O
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Table 2. Complex dissociation constants of inorganic Sn with ligands ions at 298 K

Equilibrium [Ref.] logK, I (mol L") Medium
SnF* = Sn** + F~, [33, 45] -4.0 1 NaClO,
SnF, = Sn** + 2F", [33, 45] —6.68 1 NaClO,
[SnF,]” = Sn*" + 3F, [33, 45] -9.5 1 NaClO,
SnCI* = Sn** + CI, [33, 45] —1.18£0.01 3 NaClO,
SnCl, = Sn*" + 2CI', [33, 45] - 1.74£0.02 3 NaClO,
[SnCL]™ = Sn** + 3CI, [33, 45] - 1.67 £ 0.04 3 NaClO,
[SnCl1,]*" = Sn*" + 4CI, [33, 45] -2.27 4 H,SO,
SnOHCI1 = SnOH" + CI, [33, 45] -1.04 3 NaClO,
SnCI** = Sn*" + CI, [33, 45] —3.71£0.03 5 NaClO,
[SnCL]* = Sn* + 2CI, [33, 45] —6.46 £0.02 5 NaClO,
[SnCL]" = Sn** + 3CI, [33, 45] —8.78 £0.02 5 NaClO,
SnCl, = Sn*" + 4Cl, [33, 45] —9.48 £0.09 5 NaClO,
[SnCL]” = Sn** + 5CI, [33, 45] —11.23 £0.06 5 NaClO,
[SnC1,]*” = Sn*" + 6CI, [33, 45] —12.40 +£0.05 5 NaClO,
SnBr" = Sn*" + Br, [45] —0.74 £0.04 1 NaClO,
SnBr, = Sn** + 2Br, [45] —0.90 £ 0.05 1 NaClO,
[SnBr,]” = Sn*" + 3Br, [45] -1.34 3 NaClO,
[SnBr,]*” = Sn*" + 4Br, [45] —0.40 £0.05 3 NaClO,
[SnBr,]*” = Sn*" + 5Br, [45] —-2.40+0.1 8 NaClO,
[SnBr,]*~ = Sn*" + 6Br, [45] -230=+0.1 8 NaClO,
Snl* = Sn** + I, [45] -0.70=0.5 4 NaClO,
Snl, = Sn** + 2I', [45] —1.13£0.07 4 NaClO,
[SnI,]” = Sn** + 3I, [45] -2.13+£0.03 4 NaClO,
[SnI,]*" = Sn** + 4T, [45] -2.30£0.05 4 NaClO,
[SnI]* = Sn** + 61, [45] —2.60 £ 0.04 4 NaClO,
[SnI ] = Sn** + 8I', [45] —2.08 £0.04 4 NaClO,
Sn** + [HPO,]* = SnHPO,, [33] -7.71 0.2 NaClO,
Sn** + [PO,]*” = [SnPO,], [33] - 18 0 NaClO,
Sn** + [HPO,]*” = SnHPO,, [33] -9.5 0 NaClO,
Sn** + [H,PO,]” = [SnH,PO,]", [33] -2.38 0 NaClO,
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1271

systems. However, thermodynamic data of Sn/H,O
system commonly focus on 298 K. It is necessary to
obtain the thermodynamic data of Sn/H,O system for
Sn development at a high temperature.

This section focuses on the relationship of the
potential, pH value, and equilibrium at an elevated
temperature for Sn/H,O system. The standard molar
free energy of formation (G, / kJ-mol™") for the
selected Sn compounds at 373 K and 550 K is shown
in Figure 5, which thermodynamic data are obtained
from the reported literature [64].

As shown in Table 3, redox potentials were in
conformity with the Nernst equation, and the pH
value was in conformity with K® and AG°.

The Sn species in an aqueous solution are
extremely sensitive to temperature. Figures 6a and 6b
show the @-pH diagram for activity of dissolved Sn of
1, 1073, and 107® at 373 K and 550 K, respectively. It
indicated that the diagrams at 373 K and 550 K were
in conformity with the following: (1) The stability

100
of N ¢ AGIBT3K) o
TS i o AG!(550K)
E 200 o
2 3004 o ®
o 400
=§- 500 -
600 @
700 ] &
s
e@ &@ of eg & &S E S
& o s S ES S ¢
& < 4
Q’\

Figure 5. Schematic illustration of the selected AGP for
Sn/H,O system at 373 K and 550 K. The "Sn
species data were retrieved from the reference

[64]

fields of Sn species shifted to the lower pH location
with increasing temperature; (2) The stability fields of
the SnO, obviously increased with increasing
temperature; and (3) The stability fields of the
metallic Sn in an aqueous solution increased with
increasing temperature.

| ~Sn o

Sn0,

~ 2
4 Sn**

w

=]

(=]
i

Sn0, H

10° 10° q0 o 35805

-1.2 T T T T T r T T T
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Figure 6. ¢-pH diagrams for Sn/H,O system under the
activity of dissolved Sn of 1, 1073, and 107° at a
373 K and b 550 K. The Sn species data were
retrieved from the reference [34, 47-50, 55-57]
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Table 3. The reaction equilibrium for Sn/H,O system at 373 K and 550 K

Equilibrium [Ref.] Temp./K ¢ /V or pH
373 = 0.1+ 0.037logo, . .
Sn?* + 2¢ = Sn, [34,48-50] ¢ By
550 ¢ =0.19 + 0.055logo g ..
373 =0.5+0.037log(o . /g .
Sn* + 2¢ = Sn*, [34,48] ¢ 20/ )
550 ¢ = 0.86 + 0.055log(0g,. /0t g,
373 pH = 0.42 - 0.5loga,.
SnO + 2H" = Sn** + H,0, [34,47]
550 pH =0.16 — 0.5logag ..,
373 pH =-2.51 - 0.25logu,,..,
SnO, + 4H* = Sn** + 2H,0, [34]
550 pH =-2.97 - 0.25logo,g.,
[HSnO,] + H* = SnO + H,0, 373 pH = 12.91 + logoy;yq,,
[34,47.50,55] 550 pH = 11.6 + logas,0,
373 ¢=0.13-0.0741pH
SnO + 2H" + 2e= Sn + H,0, [34]
550 ©=021-0.11pH
[HSnO,] + 3H" + 2¢ = Sn + 2H,0, 373 ¢ =0.61—0.11pH + 0.037 logayq
[34] 550 ¢ =0.84 — 0.16pH + 0.055 10804505,
373 ¢ =0.13 - 0.15pH — 0.037logo .,
SnO, + 4H" + 2e = Sn*" + 2H,0, [34]
550 ¢ =0.21-0.22pH - 0.055 loga(an)
[Sn03]2’ +3H"+ 2e = [Hsnoz]’ + 373 ¢ = 0.58 - 0. llpH +0. 03710g(ot [SnOF [HS“OQ])
H,0, [34] 550 ¢ = 0.69 — 0.16pH + 0.055 10g(tg,, ./ pisr0,1)
373 H =12.97 + 0.5loga, .
[SnO,]* + 2H" = SnO, + H,0, [34] P 8%sn0,
550 pH =10.25 + 0.5logoy, -
373 H=1.17 — log(a, . ../a.
SnOH' + H' = Sn** + H,0, [55-57] P 8% Oswom)
550 pH=0.64 — log((x(Sn N Sn(OH))
373 H = 2.65 - 0.17log(o,
[SnO,* + 6H" = Sn* + 3H,0, [55] P & o)
550 pH=1.44-0. 1710g(0t(Sn N [SHO‘])

Although the ¢-pH diagram for Sn/H,O system
has been extensively researched in past decades, the
chemical reaction condition and reaction rate of Sn
species cannot be accurately reflected by the previous
data. Besides, they cannot be used to describe the
thermodynamic properties of Sn alloys. They only
describe the thermodynamic behavior of Sn in an acid
or base solution and refer to Sn compounds in a
system with a certain potential [65]. Despite great
progresses in the study of Sn/H,O system, the
reported thermodynamic behavior of Sn and its
compounds is inconsistent, and clarifying the
thermodynamic behavior of Sn/H,O systems remains
a challenge [42].

4. Sn/H,O potential-pH diagram application

The ¢-pH diagram for Sn/H,O system has been
widely used to evaluate the stability conditions (e.g.,
the redox potential and the pH value) for metallic Sn
and Sn-based products in an aqueous system [65]. In

other words, it is used to determine the
thermodynamic behavior of Sn species in an aqueous
solution [66].

4.1. Corrosion and Passivation

Sn-based materials have been used in many fields
because of its good resistance to corrosion. In recent
years, due to its non-toxicity property, Sn-based
materials have been employed in the metal working
industry to replace hazardous metals. They are also
widely used in the corrosion inhibiter contacting with
an aqueous solution, such as building materials and
food packaging field.

The corrosion resistance of Sn is attributed to a
thin protective layer of Sn oxide, and the ¢-pH
diagram can provide thermodynamic information for
the passivation layer [67-68]. Figure 3 shows the
oxide layer of Sn consisted of Sn(OH), or SnO, under
the condition of pH = 1 ~ 12. In previous studies, the
ratio between Sn-OH bond and Sn-O-Sn bond in the
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protective layer increased with increasing the pH
value. Meanwhile, the protective layer contained a
large amount of lattice water in a system with pH >
12.5, indicating that the layer was unstable at a higher
pH value [69].

The ¢-pH diagram of Sn/H,O system showed that
in a triangular corrosion field, the lower the triangular
vertex was, the more easily the surface of metallic Sn
was oxidized or passivated [44]. The passivated area
of Sn metal was located below the stability fields (the
line b) of water because the apex of triangle in
triangular corrosion field in Figure 1 and Figure 3
were lower than the line b. This meant that the
passivation of metallic Sn was spontaneous.

4.2. Sn Hydrometallurgy

The process of electrorefining, leaching,
purification, and deposition is of essential importance
for the hydrometallurgy [70]. Fortunately, the ¢-pH
diagram for Sn/H,0 system can provide the
thermodynamic data of the hydrometallurgy. Though,
for the analysis of the position of Sn species in the -
pH diagram, the operating conditions of the
hydrometallurgy of were optimized [71, 72].
Additionally, as shown in Figure 7, the ¢-pH diagram
for Sn/H,O system provided a theoretical guidance to
the Sn electrorefining [73].

t Cathode
e

Figure 7. Schematic diagram of the Sn electrorefining:
Metallic Sn is dissolved from the anode and
deposited on the cathode

Taking the extraction in Sn/H,O system as an
example, target metals were leached from an ore in an
aqueous solution. The thermochemical behavior can
be solved by a ¢-pH diagram for Sn/H,O system,
which can provide a way to judge or predict the
components and equilibrium of the chemical reaction.

4.3. Electrochemical engineering

Halogen solution, sulfate solution, methyl

sulfonate solution, and other organic acid ion
solutions are widely applied in the Sn-electrochemical
engineering of electroplating and the electrochemical
synthesis. Normally, the influence of the redox
potential and the pH value on Sn behavior in an
aqueous solution cannot be ignored, particularly the
electrochemical engineering. As shown in Figure 8,
Tannin oxalate (SnC,0,) was prepared by the
electrochemical method. The thermodynamic
behavior of Sn could be determined by the ¢-pH
diagram of Sn/H,O system [37].

Figure 8. Schematic diagram of SnC,0, prepared by an
electrochemical method in an aqueous solution
with [C,0,]* ions. Metal is dissolved at the
anode and then reacts with [C,0,] in an
electrolyte to form SnC,0,

Additionally, the ¢-pH diagram for Sn/H,O
system provided a reliable theoretical guidance to
optimize pH value and the selection of stabilizer in Sn
plating fields, and furthermore predict the possibility
of Sn co-plating with other metals. The Sn
electroplating thermodynamics in Sn/H,O system can
be represented by the equation of Sn** + 2e = Sn, in
which the direction and equilibrium of the reaction
depended on the redox potential, the logarithm value
of Sn*" activities, and the pH value.

Previously, most commercial Sn compounds were
synthesized by hydrothermal process, and inorganic
Sn compounds such as stannic oxide, stannous oxide,
and stannous oxalate were widely used as electrode
materials for lithium-ion and sodium-ion batteries. In
principle, the @-pH diagram can provide hydrothermal
information to optimize process conditions and to get
the desired products [74].

5. Conclusions and perspective

In this paper, the potential-pH diagram for Sn/H,O
system was employed to explore the thermodynamic
behavior of Sn species in an aqueous solution. The
conditions of Sn species stabilization can clearly be
displayed by the potential-pH diagrams. The ¢-pH
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diagrams of Sn/H,O system at different conditions (T
=298 K, 373 K, and 550 K, o = 1, 107!, 1073, and
107°) and the diagram of Sn/H,0-Cl system at 298 K
provided the thermodynamic data of Sn species in
Sn/H,O system. The relationship of Sn species, the
potential, and pH was studied. The metallic Sn was
unstable at a redox potential of about 2.02 V.
Moreover, Sn(I) compound was Sn**, SnOH",
Sn(OH),, [HSnO,]", and [Sn(OH),]". The Sn(IV)
compounds at the higher redox potential in Sn/H,O
system were SnO,(s), Sn(OH),, [SnO,]*’, and
[Sn(OH),]*". However, Sn(IV) compounds converted
to SnOHCI-H,0O(s) at pH < 1 and to [SnCl,]*" at pH =
3 in Sn/H,O-CI system. Additionally, the information
on the application of @-pH diagrams for optimizing
the production processes was overviewed, particularly
in the corrosion and passivation, hydrometallurgy, and
electrochemical engineering. In general,
thermodynamics played an important role in Sn/H,0
system, and potential-pH diagrams were essential
tools for the productive process and the application of
Sn. For this reason, the potential-pH diagram was
used to interpret thermodynamic behavior of Sn
species in Sn/H,O systems of engineering process.
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Apstrakt

Termodinamicko ponasanje se uveliko koristi za procenu stabilnosti materijala i predvidanje pravca hemijske reakcije pri
razlicitim pH vrednostima, temperaturama, potencijalima i koncentracijama jona. lako postoje pokusaji istraZivanja Sn u
sistemu vodenog rastvora (Sn/H,0) kiseline, alkalija i soli, rezultati koji se ne mogu naci na jednom mestu dovode do
neefikasnosti termodinamicke metode u prakticnoj primeni. Ovaj rad daje kratak pregled dijagrama potencijal-pH za
sistem Sn/H,O koji odrazava termodinamicko ponaSanje Sn u vodenom rastvoru i izdvaja termodinamicke podatke za
prakticnu primenu razlicitih vrsta Sn. Prvo je sagledan odnos termodinamickog ponasanja, dijagrama potencijal-pH i
ravnoteznih odnosa Sn za sistem Sn/H,O. Pored toga, ispitan je dijagram potencijal-pH za sistem Sn/H,O na razlicitim
temperaturama (298 K, 373 K i 550 K), aktivnosti rastvorenog Sn (1, 107!, 107 i 1079, kao i dijagram potencijal-pH za
razlicite vrste Sn u vodenom rastvoru hloridiona (Sn/H,0-Cl). Na kraju je istraZena i perspektiva primene dijagrama
potencijal-pH za sistem Sn/H,0 pomocu simulacije metalurgije kalaja i prakticne primene Sn materijala.

Kljuéne reci: Sn/H,O sistem; Dijagram potencijal-pH; Termodinamicko ponasanje; Redoks potencijal; Ravnoteza
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