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In previous papers the mean excess chemical potential, u£, in ternary systems of the type
[ sulphate + 11 sulphate + H,0, at 25°C was determined. Results obtained for systems
with CuSO4(I), and ZnSO4(I) respectively, pointed out an obvious disparity between
their behaviours. They show the existence of some important association phenomena
partially accounting for the substantial deviations from ideal behaviour. The ternary
sulphate systems (CuSO, + Me""SO,4 + H,0; ZnSO, + Me""'SO, + H,0) studied
were characterized against the binaries of the same ionic strength, experimental data
being obtained using both e.m.f. and spectrophotometric methods. Deviations from the
ideal behaviour were discussed in terms of thermodynamic excess functions and
association constants. A comparative study between the results obtained with the two
above mentioned methods is presented.

Keywords: Ternary zqueous systems; e.m.f. method; spectrophotometry; association
constants

INTRODUCTION

In some previous papers [l —5] the means excess chemical potential,
pE, in ternary systems of the type I sulphate + II sulphate + H,0, at
25°C was determined. Considering a conventional model (an “ideal

*Corresponding author.
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ternary solution” defined against a real binary solution of I sulphate in
water), the studied systems were devised in three groups (see Fig. 1).

Group I: ZnSO4(m;) + Me"'SO,(m,) + H,O solutions for which the
mean activity coefficient depends only on the ionic strength fraction.
They are quasi-independent both of the ionic strength and of the
added cation charge;

Group IT: CuSOg4(m,) + (Me,1c)2S04(m;) + H,0 solutions with asym-
metrical cationic charge have deviations from the ideal behaviour. The
shape of mean activity coefficient dependencies on ionic strength
fraction has a first linear portion (till a fraction of approximately 0.5),
for which negative deviations increase in the order Li, Na, K. In the
second portion, for fractions greater than 0.5, this order isn’t always
obeyed;

Group III: CuSOy4(m;) + (Mg, Mn, Zn)SOy4(m,) + H,0 solutions with
symmetrical cationic charge have very high deviations from the ideal
behaviour. Curves shape in this case is very complex, with both
negative and positive values.

A]n'Y|
1.0 +- ,Ln-Mg
/ 7n-K
P . 7
08 .7 A Za-Na
7 AT Tl
06 1 :/ Zn-Mn
04 4
02 4+
— _.(,_u~/4n_ (.'u»Mlg Cu-Mn
0.0 = } t -
1o Y2
02 4
-0.4 1 - . Cu-Na
0.6 T~ . 1 Cu-K
08 + Cu-l.i
1.0 +

FIGURE 1 Variation of Alny, with ionic strength fraction (y,) for all studied systems
I=24).
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The studied sulphate ternary systems (of the type CuSO4 + Me"!!
SO4 + H,0 or ZnSO, + Me"!" SO, + H,0) were characterized
against the binaries of the same ionic strength, experimental data
being achieved using both e.m.f. and spectrophotometric methods.
Systems deviations from the ideal behaviour were discussed in terms of
thermodynamic excess functions and association constants.
A comparative study between the results obtained with the two
above-mentioned methods concerning the systems summarized above
is presented.

EXPERIMENTAL PART

All reagents have been of p.a. purity. The copper sulphate has been twice
recrystallized from redistilled water acidulated with sulphuric acid
(10""M) and brought into pentahydrated form by air-drying up to
constant weight. The magnesium sulphate has been twice purified from
redistilled water and dried at 140°C as heptahydrate. The lithium,
sodium and potassium sulphates have been purified through the same
procedure and brought to anhydrous state by drying at 320°C up to
constant weight. Solutions’ concentration has been verified by electro-
deposition in the case of CuSQy, by titration of Mg** with EDTA for
MgSO, and by weighting in the case of alkaline sulphates. Experimental
data at 20, 30, 40 and 50°C, constant total ionic strength (/ = 2.4) and
variable proportion between the two electrolytes were determined.

E.m.f. measurements were achieved in cells with thermostatic
control, using a Weston bridge. Cells’types were:

Pt — Hg — HgSO,/ZnS0q4 (m,), M""SO4(m;)/Zn,Hg — Pt
Pt — Hg — HgSO,/CuSO4(m;), M"SO4(m,)/Cu — Pt

where MM"=Li, Na, K, Mg.

Results’ reproducibility was the main factor of the two electrodes
choose [6]. Precision of e.m.f. measurements was 0.1mV. For
electrodes’ stability, repeated determinations were done both for the
binary and for the termary systems. Differences less than 2.5mV were
considered cell’s satisfactory stability test. For measuring absorbencies
in the 220-300nm range, a VSU-2 (Karl Zeiss, Jena) Spectro-
photometer equipped with thermostatic control cell compartment has
been used. Stock solution concentrations prepared by weighting have
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been as it follows: CuS0,40.13 M, Li»SO41.5M, Na,SO43 M, K,S0,
0.57 M, MgS0,42.26 M, all of them having a content of 10°'™M
perchloric acid as protection against hydrolysis. Ternary solutions have
been obtained by mixing suitable volumes of binary stock solutions and
completed with redistilled water HClO410~! M acidulated.

Absorbency determinations for all the binary systems have been
made against redistilled water acidulated with perchloric acid up to
107" M. In the range of interest of added sulphates’ concentrations,
the optic absorbencies of binary systems have been neglected as being
much lower than the association effect. In binary system, each set of
measurements for optical absorbencies of CuSO, solutions have been
repeated. Determinations for ternary systems of optical absorbencies
have been made differentially against the binary system having the
same CuSQ, concentration.

RESULTS AND DISCUSSIONS

For e.m.f. data, the calculation was directly done by the help of Aln~y,
defined by:
E, - Eb . m'H:

Aln’y] = —Wﬁ)— nm—?i

(1)

where: m?, = mean activity coefficient of CuSO,; and ZnSO,
respectively, in the binary system;

my = [m (my +my)]"? 2)

= mean activity coefficient of CuSO, and ZnSO,
respectively, in the ternary system.

Then thermodynamic excess functions were calculated:

pi = RTAlny, 3)
= OAln~y
SE = _RAIny, — RT( 57 I)P (4)
_ OAln
E_ _p7?2 N
HE = _RT ( 5T )P (5)

where ((0Aln~y,/0T)p) is the temperature coefficient of Aln~y;.
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The results obtained from e.m.f. measurements are presented in
Table I and Figures 2—4 as dependencies of thermodynamic excess
functions with ionic strength fractions given by the following
relationships:

— for asymmetrical systems:

12 311’!2 3m§
= — = = 6
2 I 4m +3my 4mll’ ( )
— for symmetrical systems:
I 4my m}
y2 = =—2 (7)

I:4ml—|—4m2—ml

A theoretical explanation of less classical behaviour of the ternary
solutions studied is accounting for the obtained curves’ shape. We
assume that when mixing the two solutions, changes in common
sulphate anion ionic sphere is expected. This produces an energy
variation that might be decomposed in two terms:

w = wy{exotherm) + w;(endotherm) (8)

Assuming the following equation:
pit =Di-y2+ D2 y) 9)
where: D,, D, — constants originally from w; energy and w, energy,
respectively, we identified D; (exotherm component) with the value
obtained for the curves in figures when y, = 0. As for D, (endotherm
component), it has been calculated from “trace” excess chemical

potential, when y, = 1:

Dy =Dy —pi" (10)
Another possible explanation might be that D, is a kind of

polarization energy of the common anion by two different cations, a
concept introduced by Lumsden [7—10] for the evaluation of molten
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FIGURE 2 Excess chemical potential variation with ionic strength fraction for all
studied systems (/=2.4).
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FIGURE 3 Excess partially molar enthalpy variation with ionic strength fraction for
all studied systems.

salts’ mixing enthalpy. He proposed for polarization energy the
following relationship:

2
Ep"l:_Z'\I/'0~32'NA-0¢'€2<%—_1322) (11)
AB  TAc
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FIGURE 4 Excess partially molar enthropy variation with ionic strength fraction for
all studied systems (/=2.4).

where: «—polarizability of common sulphate anion;
N —Avogadro’s number;
z—coordination number;
U < 1 — coefficient introduced by us expressing polarization
energy diminution due to dielectric solvent;
Rag, Rac ~ interionic distances equal to ion rays sum;
g1, g2 — cations electric charges.

In Figure 5 a linear variation between D, (approx. equal to E,) and
distance-charge parameter from Eq. (11) is observed. This has justified
the quasi-ideal comportment of symmetric systems, the high negative
deviations of asymmetric systems (with gc,2+ =2 and ga+ = 1) and
also the increasing sequence: Li, Na, K for D,.

Endotherm constant D, results from variation of energy appeared
when the destroying of binary structures and the forming of ternary
structure’s ion sphere take place. It has small values for CuSO, +
Li,SO,4 + H,0 system (approx. 100 cal) and practically the same value
for CuSO4 + NaySO4 + HyO and CuSO4 + K>SO, + HyO systems
(500 cal).

As one can see from Figures 24, high positive values both for the
partial molar excess enthalpy and for the partial molar excess entropy,
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FIGURE 5 Variation of polarisation energy with distance-charge parameter for all
studied systems.

for all studied systems, were obtained (H¥ and S¥ take values of
maximum 6000 cal/kg H,O echivg, and 21 cal/kg H,O echivg K respec-
tively, the system CuSQ, + Na,SO, + H,O having the greatest
values). These values are compared with the order of magnitude for
some reaction quantities and also much higher than those correspond-
ing to ternary alkaline halides systems [11].

Generally, taking into account formation of ternary system from the
corresponding binaries, we can write for H¥ and S¥ excess functions
that:

1-_1‘1; = (Ale)éomplex - (AfH] )SOmplex (12)
Sf = (AfSl)éomplex - (AfSl)g)mplex (13)

Because these functions of ionic associations’ formation have very
high values in binary system and because measured differences
between ternary and binary systems (the excess functions) are also
important, complexes’ formation in ternary systems takes place with
even greater mixing effects than those quoted for the native binaries.
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Considering;
W = HE— TSP (14)

at systems with CuSO4(I) dominantly is the enthropic term (7'SE), thus
resulting positive values for pf.

Structural explanation of this behaviour might be that complexes’
formation from single ions is an endothermic process (both for
the binary and for the ternary system) and it is encouraged from the
enthropic point of view (AS > 0 both for the binaries and for the
ternaries). Davies [12] explained that this phenomenon is correlated
with increased number of liberty degrees due to partial destruction of
single ions’ hydration sphere during complexes’ formation.

Regarding the studied excess functions, we can say that the
alternation of the hydration sphere is stronger for CuSOy4(I) systems
that for ZnSO,(I) ones; for the latter the enthropic term (7SF) and the
mixing enthalpy (HY) is smaller comparatively with those from the
systems with copper, the result being a negative value for pf.

Taking into account the uncommonly large values of the studied
ternary systems’ excess functions comparative to real systems,
structural investigation of these solutions was needed. Hypotheses
concerning some ion—ion interaction modification appeared when
mixing component binary solutions and also damages of the pre-
existing hydration structure were assumed. For lower concentrations
in CuSO4 + H,O binary system (no more than 1072M) sufficient
proof of ion association existence (including determination of ion
association constant and its dependence of temperature) was found
[13-15].

For a quantitative characterization of the association phenomenon
in the ternary systems studied, determination of concentrations for the
present species (associates and free ions) from the spectral data
obtained has been tried.

The formalism used for the binary system was:

— considered association equilibria:
Cu®" 4+ 805~ — CuSO, (15)

H* +S0,” — HSO; (16)
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For simplicity of calculations one consider also the HSO, ion pair
formation (for which the association constant is well-determined [13])
and only CuSQ, ion pair formation (ignoring the formation of:
Cu>*HSOy; (Cu**S037); (Cu?*),S02™ and Cu®*(SO;7),).

-~ association constants for these equilibria:

[CuSOy]
K = 17
CuSO, [Cu2+] . [Soiu] . 7cu2+78037 ( )
[HSO,]
Kicn- = 18
HSO, [H+] , [SO4 2_] M Ysor- ( )

— mass balances for the present species:

o = [Cu®™] + [CuSOy]
Cs0.- = [SO37] + [HSO;] + [CuSOy] (19)
ey = [H] + [HSO;],

where cc 2+, C50,2-5 CHSO,~ ar€ the total molar concentrations of
system’s species and the amounts in the brackets represent free or
associated existing species concentrations.

— the observed absorbency at working wavelength is owning to free
Cu?* ions and CuSO, ion pair:

D= Ecut - [Cu2+] -+ ecuso, [CUSO4] -/
As: 1=0.5¢cm,
2D = ecpv - Cop+ + (Ecuso, — €cyr+) - [CuSO4] (20)

where: ec2+ =12.14 mole/l (experimentally measured by Yokoya-
ma and Yamatera [13]).

Using the above mentioned formalism one can obtain the following
relationship:

b 1 N 1

= . (2 1)
ECuSO; — €yt ECuS0O; — ECu2+
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where:

_ (Csoi’ - [HSOZ]) " Yeut V502
(D/Ccuh ) — Ecyt

Q= (cop+ ¢ so — [CuSO4] — [HSO,]) - vcw 507

For determining activity coefficients the Debye—Hiickel relation-
ship was used:

4.4-VI

%1+B~a-\[1 (22)

log ~yeu+ = log Yso- =

where: A=0.5115;
B =0.3291;
I — is the ionic strength and
a — Bjerrum’s theory critical distance (from 3 to 14.3 A°).

Unknown Kcyso,, Yo 2 Values were calculated with the optimization
method using evolutionary computation (which includes genetic algo-
rithms, evolution strategies and evolutionary programming) [16]. It
presumes concentration values’ optimization by random initialization
while changing them till the best solution is determined with an error
of 107>, This calculus consists of calculating the concentrations on the
basis of theirs initialisation and then, unknown parameters’ determi-
nation whilst between P and Q exists a linear dependence. All this is
repeated until the approximation line converges.

The results thereby obtained are presented as dependence of asso-
ciation constant’s logarithm (log Kcyso,) with the closest approach
distance parameter (“‘a’’) as seen in Figure 6. The association constant
value at 240nm for a = 10 A° is Kcyso, = 2371/mole, which is closer
to that obtained by Yokoyama and Yamatera [13, 14] (241 l/mole) or
Davies [12] (250 1/mole).

Considering now the ternary system, one had to take into account
the third ion association equilibrium:

Me* + SO~ — MeSO,
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log Keuso,

a(A)

17 + t t i '

3 S 7 9 I 13 15

“

FIGURE 6 Variation of association constant logarithm with parameter “a” for

CuSO4+ H,O system.

where: Me=Li,, Na,, K,, Mg. For this equilibrium the association
constant is:

[MCSO4]
Kmeso, = (23)
T M- (SO3] - Ymer Tso2
In this case mass balance of the existing species is:
ccwrs = [Cu?t] + [CuSO4]
csor- = [SO37] + [HSO;] + [CuSO4] + [MeSO4] (24)
cnr = [H'] + [HSO, ]
CMe2t = [M62+] + [MeSO4]
Ton pair concentration would be given by:
[CuSO,| = —2 = few (25)

ECLISO4 - Ecu2+

With the same optimization method using evolutionary computa-
tion there are obtained the results from Figure 7, where the
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FIGURE 7 Variation of association constant logarithm with parameter “‘a” for

CuS0, + added sulphate + H,O systems.

dependencies of ion association constants’ logarithm of the parameter
“a” (distance of the closest approach) for the studied systems are
presented. At the same “a” value, for ternary symmetric sulphates
systems, higher association constants are obtained. In the case of
asymmetric systems, an increasing in the sequence Li, Na, K is
observed. Also, Kmeso, vary in the same way with Kcyso,, but their
values are smaller than those obtained by other authors [17]. As the
main existing ionic species in the ternary mixture are Cu>", Me** and
SO?[, sulphate ion being predominantly, the Cu?* ion distance of the
closest approach in the electrolytes’ mixture might be approximated
with “a” parameter value for binary solution.

Spectrophotometric experimental data from absorbencies’ variation
with temperature were calculated with the above mentioned optimiza-
tion method.

The results obtained for all four studied ternary systems are
presented in Figures 8—-11 as association constants’ logarithm
dependencies of parameter “a” (the distance of the closest approach).
Association constants increase in all cases while increasing parameter
“a”, the greatest values being obtained for symmetric systems (adding
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250 log KLizso,,
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FIGURE 8 Dependencies of association constants’ logarithm with parameter “a” for
CuSOQ4 + Li;SO4 + H,0 system.
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FIGURE 9 Dependencies of association constants’ logarithm with parameter “a” for
CuS0O, + NaySO4 + Hy0 system.

of divalent sulphate). A variation in the sequence Li, Na, K for

asymmetric systems (adding of monovalent sulphate) is observed.
So, finally, drawing a conclusion from these results, one might say

that association constants’ values depend on the added cation.
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FIGURE 10 Dependencies of association constants’ logarithm with parameter “a” for
CuSO04 + K,804+ H,0 system.
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FIGURE 11 Variation of association constants’ logarithm with parameter “a” for
CuSOy4 +MgS04 + H,0 system.

Moreover, this is responsible of solvent (water) structure destruction
and of ion associates’ formation in solution. For larger cations (K",
Mg? ™) this phenomenon is more intense than for the others. These are
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due to a Li* and Mg?" ions higher hydration in solution which, in
this form (almost screened), affects in a smaller manner Cu(ll)
hydration sphere.

As regards the method of calculating association constants, results
are satisfactory and in agreement with data obtained by other authors
[14, 17, 18]. Compared to association constants’ values obtained from
conductivity measurements or from osmometric data [14], for the same
value of parameter “a’ our values are smaller. Also, for the last two
types of mentioned measurements, owning to same electrostatic ar-
rangements, association constants increase with the decreasing of “a”.

In Table II results obtained for thermodynamic excess functions
from variation of absorbencies with temperature are presented. While
excess chemical potential have some important values (—20 +
—100 cal/kg H,O echivg), for partial molar excess enthalpy and partial
molar excess enthropy results are smaller, and comparable for all
studied systems (symmetric and asymmetric). (On calculating these
thermodynamic functions the same model as for e.m.f. measurements
was used. It is valid only for solutions in the range of dilute
concentrations). In contrast to other authors’ results for thermo-
dynamic excess functions [14, 17, 18], our values are higher and
explicable because of our greater sulphate concentrations.

TABLE II Thermodynamic excess functions from spectrophotometric measurements
for the studied systems

T¢°O) Symmetric sulphates Asymmetric sulphates
i AE St u  mE st
(callkg H,O (callkg HyO (callkg H,O (callkg H,O (callkg H,O (caljkg H,0

echivg) echivg) echivg K) echivg) echivg) echivg K)
-52,38 2,3 —57,23 2,7

20 —23,17 2,54 2,43 -32,31 2,96 2,81
—22,26 2,44 —~31,65 2,82
—78,8 3,58 —86,14 4,2

30 —35,98 3,82 3,71 —48,61 4,46 4,31
-33,5 3,72 —47,62 4,32
—81,21 3,7 —88,76 4,33

40 -37,1 3,94 3,83 —-350,1 4,59 4,41
-34,52 3,84 —49,1 4,42
—83,64 3,82 -91,43 4,47

50 -38,2 4,06 3,95 -51,6 4,73 4,58

—-35,55 3,96 —50,54 4,59
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Comparing the results obtained using the two above mentioned
methods (e.m.f. and spectrophotometric — see Tabs. I and II) very
disparate values are observed. If for partial molar excess enthropy
values are comparable for both methods (2-5 cal/kg H,O echivg K),
for the other two thermodynamic excess functions disparity is more or
less important. For partial molar excess enthropy decreasing variation
with little quantity differences is noted, whilst for partial molar excess
enthalpy a few orders of magnitude are observed (especially in the case
of Na,SO, adding).

All these might be explained by the limited validity of our proposed
model at concentrations range of very dilute solutions (no more than
1072 mole/1). For higher values, of 1072= 10" mole/l, when inter-ionic
attractions and ion-association phenomena are dominant, hypotheses
appropriate to very dilute solutions are no longer useful.

Above, the solvent was considered as a continuous medium, results
being interpreted accounting of ion’s hydration till a certain distance.
The possibility might exist for hydrated anions and cations to contact
each other sometimes or to form ion pairs by replacing a water
molecule from the outside ions’ coordination sphere. As water
molecules from the first metallic ion shell are strongly coordinated
to the respective cation, solvent dielectric constant in that area might
be different from the remaining part of it. In such situations, the
solvent would not have to be treated as a continuous medium and the
ions as rigid spheres. Moreover, interactions between ions in the first
coordination sphere might not be of electrostatic nature, this meaning
a limitation on both Debye — Hiickel theory and of our ion association
model. In this situation a changing of parameter’s “a’ (distance of the
closest approach) physical meaning is needed.

CONCLUSIONS

Thermodynamic excess functions values determined from e.m.f.
measurements for ternary mixtures of sulphates confirm previous
results regarding non-ideal behaviour of these systems. These are
owning to an endothermic, entropical driven process of ion associa-
tions’ formation from single ions with a grown number of degrees of
freedom caused by the partial destruction of the hydration sphere.
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Moreover, existence of ion association process in ternary aqueous
sulphates solutions is also confirmed by the high values obtained for
association constants. Influence of added cation over association
constants demonstrates their involvement in solvent (water) structure’s
destruction.

Association constants calculated with the proposed model (which
considers only binary associates’ formation and uses as working
algorithm the optimisation method using evolutionary computation)
are close to data presented by other authors (50 —300 1/mole).

AP 1]

Association constants increase at the same time with ““a” parameter
(distance of the closest approach between two ions), having higher
values for symmetric systems (2:2 sulphates) and a variation in the
sequence Li, Na, K for asymmetric systems.

Using the proposed method for the evaluation of association
constants similar results with other authors were obtained. Unexpect-
edly different results concerning thermodynamic excess functions
determined by the two mentioned methods, e.m.f. and spectro-
photometric, limit the validity of the proposed association model to
the concentration range of dilute solutions.
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