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Abstract

A simple general relation P = Q + R + 1 between the number P of kinds of species, the number Q of
charge and elemental/core balances and the number R of independent equilibrium constants is
deduced, and its validity is confirmed for non-redox and redox electrolytic systems, of different
degree of complexity.
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1. Introduction

The quantitative, thermodynamic description of any electrolytic system requires prior information on 1) the spe-
cies present in the system considered; 2) the equilibrium constants; 3) the balances. The balances and expres-
sions for equilibrium constants interrelate molar concentrations of the species in the system. To do it, we should
necessarily define these terms in an unambiguous manner. This possibility gives the Generalized Approach to
Electrolytic Systems (GATES) [1]-[18] which offers the best tool applicable for thermodynamic resolution of
electrolytic systems of any degree of complexity.

This paper refers to batch and dynamic, multicomponent and mono- or multiphase closed systems with con-
densed (liquid, liquid + solid, liquidl + liquid2, liquidl + liquid2 + solid) phases, where quasistatic processes pro-
ceed under isobaric + isothermal conditions. The species forming solid phase are marked below in bold letters.

An example of a dynamic procedure is the titration, where VV mL of titrant (T) is added into V, mL of titrand
(D). The D + T mixture thus formed involves the related species.

The issue raised in this paper concerns formulation of a general relation
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P=Q+R+1 1)
between the number P of kinds of species, the number Q of charge and elemental/core balances and the number
R of equilibrium constants, referred to redox and non-redox electrolytic systems, of different degree of com-
plexity. As stated below, the terms: species, equilibrium constants and balances are presented in literature in
ambiguous manner. These ambiguities can be avoided when the related terms are in accordance with the GATES
principles.

2. Species and Equilibrium Constants

Within GATES, the species are considered in their natural form, i.e., as hydrates X -n,, in aqueous media

(W = H;0), or as X{'-n;, «-+n;,  in mixed-solvent media [12]-[14]; n,, >0 and n, >0 (s=1...,S)are

the mean numbers of molecules of particular solvents (W, A;) attached to (or involved in) X7 . Therefore, e.g.

the soluble species with different number of water molecules involved, e.g. AlO; and AI(OH)4 ,

As(OH),, BO,, H,BO, and B(OH),, 10, and H,IO;, are considered equivalently. On the same prin-
ciple, e.g. the precipitates: Fe(OH); and FeOOH are considered equivalently. However, one can find in litera-

AsO, and

ture [19] a strange species such as Al (OH)f; that can be equivalently written as (AI(OH)3)sAI**, although

soluble hydroxo-complex AI(OH); is unknown elsewhere in literature—probably for the same reasons as
Fe(OH)s; the ephemera/freak (AI(OH)3)sAI** is not acceptable, although the precipitate AI(OH); is known.

Omission of the species AI6(OH)f; in the set of species is followed by omission of the related equilibrium
constant, i.e. (P-1)=Q + (R-1) + 1isequivalent to Equation (1).

When collecting the species related to the system considered from the viewpoint of Equation (1), one can
choose between the species containing different number of H,O molecules involved in the related formula. This

choice is made, however, in the context of accessible physico-chemical knowledge concerning the components
considered. For boric acid, ref. [19] provides the equilibrium constant K;' of the reaction

H* +B(OH), =HB(OH), , whereas ref. [20] provides the values of successive dissociation constants Ky, K,
K; for the reactions: H,BO, =H*+H,BO;, H,BO; =H"+HBO; , HBO; =H"+BOj . In the first option,
we consider two species (HB(OH)y, B(OH);) and one equilibrium constant; in the second option, we have 4

species (H;BO;, H,BO;, HBOZ , BOI ) and 3 equilibrium constants. So the increase in the number of con-

stituents by 2 is associated with an increase in the number of equilibrium constants by 2. This means that (P-2)
=Q+(R-2)+1(or(P+2)=0Q+ (R+2)+1)is equivalent to Equation (1). Factually, HB(OH),; = HsBO, =
H3BOs(H,0) is equivalent to H;BOs. The inclusion/omission in considerations of m independent components is
associated with inclusion/omission of m equilibrium constants; it means that (P + m) =Q + (R+ m) + 1 < Equ-
ation (1).

The value of any equilibrium constant formulated on the basis of mass action law depends on the reaction no-
tation applied for this purpose; e.g., for a polyprotic acid H,L, forming the species H;L'™" (j = 0, -, g), equal
numbers of dissociation constants (K;, i = 1, ---, q) or stability constants of the proto-complexes (K, j =1, -, q)

are formulated; the K; and K!' values are interdependent [21] (p. 155). Similarly, the standard potentials (Eo)
and solubility products (Ky,) may be formulated in different manners, Eq, for BrO™ +2H" +2e” =Br~ +H,0
and Epfor BrO™ +H,0+2e” =Br~ + 20H™ [19], or K¢y for Mg(OH), = Mg2+ + 20H and Ky, for Mg(OH),
+ 2H" = Mg* + 2H,0 [22]; Epz = Eqy — 9-pKw (8 = RT/F-In10); pKgyz = pKsps — 2-pKw. In the context with
known pKw, pKsp: and Ey; values, Eq, and K, are not new/independent equilibrium constants. In the latter no-
tation, suggested also in [23], the term solubility “product” is misleading; from the viewpoint of the “Occam ra-
zor” principle, the generalizing term “solubility constant” seems to be a better choice, in this case. Moreover,
some moderately soluble in aqueous media solid phases, e.g. I, [1], dimethylglyoxime [24] [25], 8-hydroxy-

quinoline [26], are not characterized by solubility products; in these cases, the molar solubility, s [mol/L], at de-
fined temperature can be considered as an equivalent form of solubility constant related to the solid phase. The

O,
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problem of apparent/redundant number of equilibrium constants in tables of physico-chemical data and the re-
sulting problems involved with inconsistency of these constants were indicated in [11] [27].

The set of stability constants for tartrate CuL’>? (i = 1, -, 4) complexes cited in [19] is controversial, ow-
ing to steric hindrances in formation of the postulated complexes, and high ionic charge (-6) of the ion at i = 4;
the possible complexes with HL™ ions were not taken there into account—as elsewhere, for other Me-ions. Nev-
ertheless, in the lack of other, competitive equilibrium data, the stability constants for CuL;>* can be used in
the related calculations.

Concluding, any kind of complex species in involved with the related equilibrium constant, and inclu-
sion/omission of independent complex(es) in calculations is involved with inclusion/omission of the related
equilibrium constant(s); P and R are on opposite sides of equality sign in Equation (1). Inclusion of a species (or
a set of species) in the related balances without prior physicochemical information related to its/their equilibrium
constant(s) is pointless.

3. Balances

Formulating the balances for electrolytic systems is also ambiguous. First, the most natural form of balance for
ions is the charge balance

gzj [xj]=0 @

expressing the principle of electroneutrality of the solution [21], of frequent use is the proton balance [28], re-
sulting from interpretation of stoichiometric reaction notations in acid-base systems. However, the proton bal-
ance is a linear combination of charge and concentration balances [29].

Within GATES, the term “core balance” is also applied; e.g., SO is a common core within the set of spe-
cies: HSO,, SO? and FeSO, (complex) in the balance

[HSO, |+[S0; | +[FesO,]=C ©)

related to C mol/L FeSQ, solution. Generally, a core is considered as a cluster of elements with defined compo-
sition (expressed by chemical formula) and charge [5]. Frequently, the core balance is equivalent to elemental
balance; e.g., the balance (3) for the core SO?" is tantamount with the balance for S. For the system FeSO, (C)
+ H,S (C,), where none synproportionation [7] [16] reactions occur, one can write the elemental balance

[HSO; |+[ SO} |+ [FeSO, ]+ [FeS]+[H,S]+[ HS | +[s* |=C+C, 4)

where [FeS] is the concentration of the precipitate FeS; Equation (4) can be presented as the sum of core (for
SOz and S*) balances: Equation (3), and [FeS] + [H,S] + [HS] + [S*] = C,. For the system H,C,0, (Cy) +
Na,CO; (C,), the elemental balance for C, i.e.,

2([H,C,0,]+[ HC,0; ]+[ €05 ])+[H,C0,]+[HCO; |+[COZ |=2C, +C,
can be presented as the linear combination of core (for C,0;" and COZ ) balances:
[H,C,0,]+[ HC,0, |+[ C,05 |=C,,and [H,CO,]+|HCO, |+[CO} |=C,.

However, when V mL of C mol/L KMnO; is added into V, mL of Cy mol/L of acidified (H,SO,4) solution of
H,C,0, (Cy), the elemental balance for carbon C (in closed system)

2([H2CZO4] +[HC,0; ]+ [Czoi’]) +[H,C0,]+[HCO; |+[ COZ | =2C,V, /(V, + V) (5)

cannot be presented as the (combined) sum of core balances for C,0% and CO3 [9].

The balances are usually formulated for aqueous solutions. For beginners, it may seem to be strange that the
concentration balances were not applied for hydrogen (H) and oxygen (O), i.e., for the basic elements, intro-
duced mainly by the solvent (H,O) in aqueous media. The latter issue was not known before formulation (2006)
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[30] [31] of the Approach Il to Generalized Electron Balance (GEB). The Approach Il to GEB results from li-
near combination 2-f(O) — f{H) of elemental balances: f(H) for H, and f(O) for O. When referred to aqueous me-
dia, the balance 2-f(O) — f{H) and any linear combination of 2-f(O) — f{H) with charge balance (1) and/or other
elemental/core balances do not involve the mean numbers n; = nyy of coordinating water molecules at the spe-
cies X% .n,, ; note that even ny, for H" in aqueous media is practically unknown [32] [33]. When referred to
non-aqueous or mixed-solvent media where at least one amphiprotic co-solvent is involved, after a proper linear
combination of 2-f(O) — f(H) with charge and other (Y, = H, O) elemental/core balances, all coordination num-

bers n,, (s=1,..., S)related to the species X Nia +Nia, are cancelled, see e.g. [12]-[14].

The balance 2-f(O) — f(H), when referred to redox systems of any degree of complexity, is the balance inde-
pendent on charge and elemental/core balances for Y, # H, O, contrary to non-redox systems [34]. The 2-f(O) —
f(H) is a starting form for GEB related to a redox system [1] [2] [4]-[18]. A proper choice of multipliers for the
combined balances gives the simplest form of GEB [11]-[14]. The 2-f(O) — f(H) and any linear combination of
2-f(0) — f(H) with other balances related to a redox system have full properties of GEB. The GEB obtained ac-
cording to Approach Il is equivalent [5] to GEB obtained according to Approach | [35]-[42], considered as a
“short” version of GEB, based on the principle of common pool of electrons for elements participating imme-
diately the equilibria in a redox system. The formulation of GEB according to Approach | can be used, if the
oxidation numbers for all elements in the species participating redox equlibria are easy to calculate. Prior know-
ledge of the oxidation numbers is not necessary if GEB is formulated according to Approach II; it is a circums-
tance of capital importance, particularly when referred to complex organic species of biological origin. In this
context, it should be noticed that the oxidation numbers are assumed arbitrarily. It should also be stated that the
roles of oxidizers and reducers are not ascribed to particular species within both Approaches (I and 11) to GEB,
formulated by Michatowski in 1992 and 2006, respectively.

For comparison, earlier (i.e., after 1960s) approaches to dynamic redox systems were based on primitive for-
mulations, with stoichiometric reactions involved. The roles of oxidizers and reducers were ascribed to indicated
species, and homogeneous, non-homogeneous and symmetrical reactions were distinguished. Irrespectively of
the complexity of the redox system considered, only two pairs {(Ox;, Red;) | i = 1, 2} were involved in two con-
centration balances. Charge balance and concentration balances for other elements were not formulated. Only
two equilibrium constants, namely “formal” potentials related to the (Ox;, Red;) pairs were used and applied to
formulate the equilibrium constant for the redox reaction notation considered. These approaches were exten-
sively criticized, mainly in [4] [8]. Nonetheless, those approaches are still practiced, also in literature issued re-
cently [43] [44]. Thus, the wide promotion of GATES/GEB, that provides the best possible thermodynamic ap-
proach to electrolytic redox systems, is necessary.

4. Examples of Electrolytic Systems
4.1. Non-Redox Systems

Example 1. For aqueous solution of the mixture KCI (C;) + NaNOs (C,) + NaCl (C3) + HCI (C,) + KNO5(Cs)
+ HNO3 (Ce) we have: P =7 (Hzo, H+, OH, K+, Na+, le, NO;), Q =5 ([K+] = C1+C5, [Na+] = C2+Cg, [le] =
Ci#Csy [NO; |=C,+Ci+Cq, [H™|-[OH ]J+[K"]|+[Na"|-[CI" |- NO; |=0); R =1 (Kw); then 7 =1
+5+1,

Example 2. For NaCl (excess) + H,0 system: P = 6 (H,O, H, OH, Na", CI", NaCl); Q = 3 (charge, Na, CI);
R=2(Kw,S);then6=3+2+1.

NaCl is usually considered as wholly dissociated in diluted aqueous solutions. However, in the saturated solu-
tion, not dissociated forms of this salt are admitted, [NaCl] > 0, i.e., NaCl can be considered as a soluble com-
plex [45]; in this case, we have P =7,Q =3, R=3,i.e. 7=3+ 3+ 1. The solubility s of this salt is considered
as a kind of equilibrium constant; this assumption can be also related to some other solids. However, the s
should not be considered [24]-[26] as the quantity interrelated with the solubility product K, for ML, by the
relation "™ = n"u"-K,, as is usually practiced, e.g. in [45].

Example 3. CaCO; + H,0 system: P = 11 (H,0, H*, OH", Ca*", CaOH", CaHCO;, CaCOjs; CaCOs

H,COs;, HCO;, COZ );Q=3,R=7;then11=3+7+1.

@
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2

Ag(OH)", AgCl,
NH;,NHg), Q=4,R=11;then 16 =4 + 11 + 1.

Example 4. AgCI + H,0 + NHg system: P = 16 (H,0, H*, OH", Ag®, AgOH, Ag(OH)
AgCl;, AgCIZ, AgCly, CIY, AgNH;, Ag(NH,).,
Example 5. AgCl + H;O + NH; (excess) system: P = 15 (H,O, H', OH", Ag’, AgOH, Ag(OH),,

+
2

Ag(OH)g’, AgCl, AgCl,, AgCIZ, CI', AgNH;, Ag(NH;),, NH;, NHg); Q =4, R = 10; then 15 = 4 +
10 + 1.

Example 6. HgCl, + H,0 + Kl : P = 18 (H,0, H*, OH", Hg*, HgOH", Hg(OH),, HgCI*, HgCl,, HgCl;,
HgCli, Hgl™, Hgl,, Hgl;, Hgli, Hglye, I, CI, K"), Q=5 R=12;then 18 =5+ 12 + 1.

Example 7. HgCl, + H,0 + Kl (excess) : P = 17 (H,0, H*, OH", Hg*", HgOH", Hg(OH),, HgCI*, HgCl,,
HgCl;, HgCIZ, Hgl*, Hgl,, Hgl;, Hgli,1,ClI,K),Q=5R=11;then17=5+11+1.

Example 8. Struvite (prl = MgNH4PO,) is introduced into VV mL of aqueous solution with dissolved CO,. As
results from detailed calculations made in [46], before the solubility product (Kg) for prl is attained, the solu-
bility product (Ksp) for pr2 = Mgs(PO,), is crossed. At (pCo, pCcoz PCp) = (3, 4, ), the process prl > pr2
leads to total depletion of prl; the solubility product Ky is not attained (g; < 1). At (pCo, PCco2: PCp) = (2, 4, ),
Ksp2 for pr2 is attained at pprl = 2.013 and pr2 precipitates according to reaction 3prl = pr2 + HPO? +
2NH; + NH; up to pprl = 2.362, where the solubility product for prl is crossed and the dissolution process prl
-> pr2 is terminated. At equilibrium, the solid phase consists of the two species: prl and pr2, and the expressions
for Kgpy and Ky, are valid. Then at (pCo, pCeoz, PCy) = (3, 4, ) we have: P =23, Q =5, R=17;then 23 =17 +
5+ 1. At (pCo, pCco2, PCp) = (2, 4, ©) we have: P =24, Q=5 R=18;then24=18+5+1.

Example 9. For the Liebig-Denigeés titration, described in [47], where particular species are presented, we
have: a) at the step before precipitation of Agl: P = 24, Q = 8, R = 15; then 24 = 8 + 15 + 1; b) at the step after
Agl precipitation: P =25, Q =8 and R = 16; then 25 =8 + 16 + 1, see also [34].

Example 10. Vo, mL of ZnSO, (Cy) + NH3(Cqp) + NH,CI (Cpp) + NaH,In = CyH;,N3O,SNa (erio T) solution
is titrated with V mL of C mol/L EDTA = C;,H14N,0OgNa,. On the basis of the data presented in [34] [37], we
have: P =36, Q =8, R =27, and then 36 = 8 + 27 + 1, see also [1].

4.2. Redox Systems

Example 11. For aqueous solution of C mol/L Br, we have [35] [36]: P = 11 (H,O, H* , OH", e, HBrO;,
BrO; , HBrO, BrO", Br,, Br;,Br); Q=3 ((Z—5)([HBrO3] +[Bro;]) +(Z-1)([HBrOJ+[BrO ) + 2Z[Br,] +

(Z+1)[Br] = 2ZC, where Z = 35-atomic number for Br; [H"] - [OH] - [BrOgJ - [BrO] - [Br;} -[Br]=
0; [HBrOz] + [BrO; | +[HBrO] + [BrO'] +2[Br;] + 3[Br; | +[Br]=2C);R=7
(Kw, 10°7-[H" ][ BrO; |=[HBrO,], 10°*[H"][BrO] = [HBrO], [BrO; | = [Br]-10% %" [Br07] =

[Br 1-10*AE 0702128 [Rry] = [Br]*10°4€ %D, [Br; | = [Br]*10° %), where A = 16.92 at 25 °C; then

11=3+7+1.

Example 11a. For C mol/L NaBrO, we have 12 =4 + 7 + 1.

Example 12. V mL of KMnQ, (C) + CO, (C,) as T is added into Vo mL of D FeSO, (Cy1) + H,C,0, (Cpp) +
H,SO, (Co3) + CO;, (Cos). This system involves P = 39 species: H,0, H, OH', ', K, HSO,, SO%, H,C,0,,

HC,0,, C,0;,H;CO; HCO;, CO;, MnO;, MnO; , Mn* MnOH*, MnC,0;, Mn(C,0,),,
Mn(C,0,); , Mn¥, MnOH*, MnSO,, MnC;0,, Mn(C,0, ). , Fe*", FeOH'", FeSO,, Fe(C,0,); . Fe(C,0,); ,

Fe™, FeOH*", Fe(OH),, Fe,(OH),", Feso;, Fe(SO,),, FeC,0;, Fe(C,0,),. Fe(C,0,); under
assumption that Cyz value is sufficiently high to prevent precipitation of MnO,, FeC,0, and MnC,0,, i.e. the
solubility products of these precipitates are not crossed [9].

Three electron-active elements: Fe, C and Mn are involved in this system. Denoting atomic numbers: Zc = 6

for C, Zy, = 25 for Mn, Zg, = 26 for Fe, the resulting GEB is written according to Approach | to GEB as fol-

lows:
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(Ze. —2)([ Fe*" ]+[ FeOH" ] +[FesO,]) + (zFe—3)([Fe3+]+[Fe0H2+]+[Fe(0H);J+2[Fe2(OH)‘Z‘*J
+[Feso; |+ [ e(SO, }) (Zp, —2+4-(2 —3))[Fe(czo4)j’J+(zFe—2+6-(zc—3))[Fe(czo4);"}
FeC,0; | +(Zp, ~3+4-(Z¢ —3))[':9(0204)1

I
[F 0,) ] Z, -3)([H,C,0,]+[ HC,0; |+[c,0% ])

+(Zp —3+6-(Z, -3)

€

)
+(Ze, —3+2:(Z. -3))
)

+

[

(

(

(2. -4 (Hco +[H ] [c ]) (Zyn — )[Mn04]+(ZMn—6)[MnO§’] ®)
+(Zyn =3)([MN** ]+ MNOH* ) +(Z,,, ~3+2+(Z¢ ~3))[ MnC,0; |

(
(
(
=((2e

+(Zyy ~3+4+(Z. -3)) Mn(C,0,), |+ (z —3+6~(ZC—3))[Mn(CZO4)2_J

+

)
Zyn —2)([Mn ]+[Mn *]+[MnSO, )+ (Zy, ~2+2-(Z¢ ~8))[MnC,0,]

Zyn —2+4:(Z¢ -3)) Mn(C,0, )] |
2)CoyVo +2+(Ze =3)CopVy +(Zc —4)(CouVy + C,V) +(Zyy, = 7)CV) /(V, + V)

+

The equation for charge balance (Equation (7)) and equations for concentration balances for Fe (Equation (8)),
Mn (Equation (9)), C (Equation 10) and SO, (Equation (11)), and K (Equation (12)) are as follows:

[H*]-[OoH" ]+[K" ]-[HSO;, |-2[ S0} |-[HC,0; |-2[ C,0f |-[MnO; |
~2[MnO;" J+3[Mn* |+ 2[ MnOH?* ]+[ MnC,0; |- Mn(C,0,), |-3[ Mn(C,0,); |
+2[Mn2*]+[Mn0H*]—2[Mn(co ]+2[Fez*]+[Fe0H] [Fe(C 04)ﬂ (7)
-4 Fe(C,0,); |+3[Fe™ ]+2[FeOH* |+| Fe(OH); |+4[ Fe,(OH);" |
+[FeSOZJ—[Fe(SO4);J+[FeCZO* [Fe 0204)2J 3[Fe (C,0,)> J:

[Fe** | +[ FeOH" | +[FesO, ] +[ Fe(C,0,); |+[ Fe(C,0,); | +[Fe™]

+[Fe0H2*]+[Fe(OH)g]m[Fez(OH)ﬂ{Feso;] [Fe(so4)2] (8)
+[FeC,0; |+ Fe(C,0,), |+[ Fe(C,0,); = CaVo/(Vo+V)

[Mn0; ]+ [Mn0z ]+ [Mn* ]+ [MnoH* ]+ [MnC,0; ]+ [ Mn(c,0,), ]+ [ Mn(c,0,)! |

+[Mn* ]+ [MnOH" |+ [MnSO, ]+ [MnC,0, ]+ Mn(C,0,); |=CV/(V, +V) ©
2[H,C,0,]+2[HC,0; |+2[ C,0% | +[H,CO,]+[HCO, | +[ €O} ]
+2:[MnC,0; |+4:[Mn(C,0,), |+6:Mn(C,0,); |+2-[MnC,0,]
(10)

+4:[Mn(C,0,); |+4-[Fe(C,0,); |+6:[Fe(C,0,); |+2:[FeC,0;]
+4- [Fe(C 0.), ]+6 [Fe(czo4)2’J=(2cozvo+Co4v0+clv)/(vo+v)
[HSO, ]+[S0Z ]+[MnSO,]+[FesO, ] +[ FesoO; ]+ Z[Fe(SOA);J —(CoVo +CesV)/(Vo +V)  (11)

(K ]=CcV/(V, +V) (12)

The relationships between concentrations of the species in Equations (6)-(12) are formulated on the basis of
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equilibrium constants, involved in R = 31 relations for: Ky and:

[H,C,0,]=10° {H*]z [C,05 ], [HC,0,]=10°[H"][C,0} |,
[H,C0,]=10%¢.[H" [ [co? ], [Heo; |=10°* [H+][co? ],
[HSO; |=10*-[H"|[s0; |, [FeOH"]|=10*-[Fe* |[OH ],

[FeOH?* | =10 -[Fe* ][OH ], [Fe(OH); |=10%7 [Fe* J[oH T,
[ Fe, (OH);" | =10 [Fe* ' [OH ], [MnOH" ]=10°-[Mn* J[OH"],

[Fes0,]=10"°[Fe*"|[sO} ], [FesO; |=10"" [ Fe* |[SO} ],

[Fe(s0,), | =10 -[Fe™ J[s07 |', [MnsO,]=10°* -[Mn* ][O} ],
[Fe(c,0,); |=10" [Fex |[c,0: T, [Fe(C,0,); =10 [Fe* ][c,0% T,
[FeC,0; =107 [Fe ][ c,0% ], [Fe(CZO4);J =10 .[Fe* ][c,07 ],
[Fe(czoA)j*} =10 .[Fe* |[c,02 |: [MnC,0,]=10°* [ Mn* ][ C,0% |;
[Mn(CZOA)z*] =10°%.[Mn*][c,0: ', [MnC,0;]=10"* [ Mn*][C,0% ],
[Mn(c,0,), |=10°-[Mn* ][c,0¢ T, [Mn(c,0,); |=10°¢ [Mn™][c,07 T,
[MnO; |=[Mn? ]-10°E 0091 | [MnOZ~ | =[ Mn?* ]-20*AE+7rer,

[Mn3+] _ |:Mn2+:' _10A(E—1.509) ’ [Fe3+:| _ [Fe2+:| _10A(E—0.771) ’ [HZCO3] _ [H2C204 ]0.5 _1OA(E+0.396)+pH :

then we have 39 =7 + 31 + 1.
Example 13. Vo, mL of D containing KIO3; (Cy), HCI (Cy1), H2SeO3 (Cy,) and HgCl, (Cys) is titrated with V

mL of ascorbic acid CsHgOg (C). Within defined volume interval of ascorbic acid solution added, solid iodine, I,

(solubility s = 1.33 x 102 mol/L at 20°C) is formed. We have there P = 46 species: H,0, H", OH", e, K,

CeHzOs, C,H,0;, C,H,0>, CeHsOq, I, I, I', 15, HIO, 10, HIO;, 10;, HslOp, H,IO0;, H,I0Z, Cl,, CI,

HCIO, CIO", HCIO,, CIO;, ClO,, ClO,", CIO;, I,CI, ICI, ICI,™, H,Se0s, HSeO;, Se0> , Hg®*, HgOH",

Hg(OH),, HgCI*, HgCl,, HgCl;, HgCIZ, Hgl®, Hgly,, Hgl;, Hgl? , involved in Q = 8 balances:

(z +1)[r] (32, +1)[r]+2zl([|2]+ax[|2])+(zl—1)([H|o]+[|o-])+(zl—5)([H|03]+[|o;])

=7)([Hsl0g ] +[ H,10; |+ [ Hl0Z ])+(Z, +1)[ Hgl* |+2(2, +1)[Hgl,]+3(Z, +1)[ Hal; |

+4(z +1)[ Hgl?” ] o ([CoHyOp ][ CoH;0; |+ [ CHe0Z ])+(Zs —2)[CeHsO5 ] +(Z, +1)[ CI" ]

+27, [ 1,]+(Z, )([HClo] [cl0™])+(2, -3)([HCI0,] +[ CIO, ]) +(Z, - 4)[CIO, ] (13)
~5)[CIO; |+(2,-7)[CIO; |+ (2, + Z,)[ICI] +(Z, + 2(Z, +1))[ ICI, |+ (22, + Z, +1)[ 1,CI" ]

+(z,+1 chr]+2 Z, +1)[HgCl,]+3(Z, +1)[ HyCl, |+ 4(Z, +1)[ HgCI} |

=((2,-5)CoVy + Z,CV +(Z, +1)C,V, ) /(V, + V)

~
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[H]=[on]=[1"]-[r]-[10" ]-[10s ]-[Ha1o; |-2[Halof |- [er ]
-[clo~]-[clo, ]-[clo, |-[clo; |-[Ict,” |- [1,C1" |+ 2[ Hg* ]

+[ HgOH" ] +[ HgCI" | [ HyCl, |- 2[ HgCI;™ |+[ Hgl* | -] Hyl; | (1)
= 2[Hgl;™ ][ C4H,0; |- 2[ C;H.0} | -[ HSeO; |-2[Se0% | =0
[ ]+3[15 ]+2([1,]+ - [1,])+[HIO] +[ 107 | +[HI0,]+[ 105 |
+[HglOg ] +[ H,105 ]+ H3lOF |+ [ Hgl* |+ 2[Hgl,]+3[ Hal, | (15)
+4[Hgly |+ [ICI]+[ICL, [+2[ 1,C1 | = CoVo /(V, + V)
[Hg* |+[ HgOH" |+[ Hg(OH), |+ [ HgCI* | +[HgCl,]+[ HyCl, | )
+[ HgCI™ |+ Hal* [+[Hgl, ]+ [ Haly |+ Hali = CeVy /(Vo +V)
[CeHy04 ]+ CoH,0; |+[ CoHg0% | +[CeHe05] = CV/(V, +V) 17)

[CI ]+2[cl,]+[HClo]+ [ Clo™ |+[HCIO, ] +[ CIO, |+[ClO,]

+[clo, |+[clo; |+[1cI]+ 2] 1cl, | +[1,CI | +[ HgCI" ] (18)
+2[HgCl,]+3[ HyCly |+ 4[ HGCI; | = (Cyy +2Cs ) Vo /(V, + V)

[H,Se0,]+[ HSeO; | +[Se0% |=Cp,V, /(Vy +V) (19)
(K ]=CoVo/(V, +V) (20)

and R = 37 equilibrium constants: Ky, and ones involved in the relations:

[Iz] = [l‘]z L1Q¥A(E-082) D;] _ [I_T .10?A(E-0545)
[ J [I J .10?A(E-049)+2pH-28 [IO ] [ :|.106A(E—1L08)+GPH,

[HlO] — 1098 ~[H ][ - J , [H|03] —10°79 -[H ][|03] , [H5|06] :I:I—:|.108A(E—1.26)+7pH,
[H4|Og] —10PH-33 .[H5|06] , [H3|O§‘] _ [l-J 1 QPA(E-037)+9pH-126 [CeHeOe] _ [CeHsoa] .10?A(E-039)+2pH ,
[CeHsos] = [C6H7O6—] 10420 [CsHsOe] _ [CeHeOﬂ x 10157821 [Iz] _ [|C|]2 .10 A(E-L105)2pCl '
[IZCI‘J = [|2] .100%7¢! [ICl;] _ [ICI] 102279 [HZSeog] —10%%2 -[H*][HSeO;] '
H,560,]=10°% [ H' |'[5e0? ], [HgOH" ]=[Hg® ]-10"*", [Hg(OH),]=[Ho? ]-10%*,

[Fse0.] (OH),
[chv} _ [Hg2+J .108.74-pC! , [HgCIZ] _ [Hg2+] _1013.22—2pCI
[ng;]:[Hgm]_lomm—spcl, [chﬁ-]:[H92+]1015.07—4pcl’ [ng] [thJ 1012879

[Hglz]:[HgZ+:|.1023A872pl ' [Hgl;]z[ng*] 027.6—3p|' |:Hg|2 ]:[ ] 1026~ 4p|
[CIZ] _ 102A(E—1A359)*2PC| ' [CIO’] _ 102A(E—0.88)+2pH—pCI—28 [HCIO] 1072 [ J[ ]
[Clo; [=10*E0mare=e THCIO,]=10"[H* ][ ClO; |,

[C|O ] 1 QPA(E-L)+4pH-pCI [CIO ] 1QPA(E-L45)+6pH-pCl [CIOfJ 1 QBA(E-L38)+8pH-pCI
4
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where: A = 16.92 (at 298 K), pCl = -log[CI ], pl = —log[I]; the solubility s of I is the 37th equilibrium constant.
Within @ range where I, is the equilibrium solid phase, we have 46 = 8 + 37 + 1; if not (i.e. @ =0 in Equations
(17) and (18)), we have 45 =8 + 36 + 1.

Example 14. V mL NaOH (C) + CO, (C,) is added into V, mL of I, (Cp) + KI (Coy) + CO; (Cpp) + Wy mL of

CCly [37]. In the liquid-liquid extraction system thus obtained we have: P = 20 (H,O, H', OH", e", I, I3, I,

Iy, 12y HIO, 107, HIO;, 105, HslOg, H,10,, H,IO; , H,CO;, HCO,;, COZ , CCly), Q=5 (GEB, charge,
I, C,CCly), R=14;then20 =5+ 14 + 1.

5. General Remarks

The equilibrium data on electrolytic systems refer almost exclusively to aqueous solutions. The relevant data for
the systems with non-aqueous solvents are fragmentary and relate almost exclusively to acid-base equilibria. In
the binary-solvent acid-base systems, the pK; values for dissociation constants K; are replaced by dissociation
parameters, pK;(x), as functions of the mole fraction x of one of the co-solvents in the related mixtures [13] [48]
[49]. Therefore, in further remarks we will refer only to aqueous solutions.

Generalizing, any electrolytic non-redox systems is characterized by one charge balance, and one or more
concentration balances. The concentration balances are obtained from elemental or core balances, related to
elements Y; = H, O.

Any redox system is characterized by one charge balance, one electron balance, named as generalized elec-
tron balance (GEB), and one or more concentration balances for elements/cores Y; = H, O. The GEB can be
formulated according to the Approach | to GEB or according to the Approach Il to GEB. The Approach I,
named also as a “short” version of GEB, is realized under assumption that the oxidation numbers for all ele-
ments of the system considered are known beforehand. The Approach Il to GEB is formulated on the basis of
linear combination 2-f(O) — f(H) of elemental balances: f(H) for H and f(O) for O. Any linear combination of
2-f(0) — f{H) with charge and elemental/core balances has full properties of GEB. The GEB is expressed in
terms of concentrations of the related species, as charge and concentration balances.

6. Some Remarks on the Systems Considered

Equation (1) was checked in on numerous examples, related to electrolytic systems of different degree of com-
plexity, and concluding formula was obtained in deductive manner. The non-redox and redox systems are dis-
tinguished on the basis of properties of the equation 2-f(O) — f{H) [5] [11]. The electrolytic systems are consi-
dered as closed systems, composed only of condensed (liquid, solid) phases. Any process in closed system can
be realied under isothermal conditions; constant temperature (next to ionic strength) is one of prerequisities se-
curing constancy of the equilibrium constants.

In the examples, well, moderately, or sparingly soluble species are involved in batch or dynamic (titration)
systems. An action of some components on the phase composition is also considered. The effect of an excess of
the corresponding regent on phase composition is also taken into account. Electron is considered among the spe-
cies in redox systems. GEB is considered as a one of the balances needed for mathematical description of redox
systems, as fully compatible with charge and concentration balances related to the system in question.

7. Final Comments

Equation (1) deduced in this paper is in close relevance to GATES [1]-[18] where one can use in calculations all
attainable knowledge contained in thermodynamic equilibrium constants, regarding mono- and/or multiphase
systems. It has been shown that the proposed relation is adequate for systems of different and varying complex-
ity. In redox systems, electrons are considered as species. In particular, Equation (1) is valid for two- and three-
phase redox systems. The validity of Equation (1) has been demonstrated in static and dynamic systems. The
quasistatic course of the appropriate changes occurring under isothermal conditions is illustrated graphically. On
this basis, the reactions involving the dominant components in these systems were formulated.
Omission/introduction of a species in the related balance(s) is involved with omission/introduction of the re-
lated equilibrium constant. Therefore, the Equation (1) is valid after such operations, P+m)=Q+(R+m) +1

&P=Q+R+1.
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