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complexes

Part I: Thermodynamic aspects of solution composition
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Deposition of silver from electrolyte solutions is of major importance in the industrial applications of
photographic development and electroplating. Prior to the kinetic study of the reduction of silver
thiosulphate complexes, the concentrations, activities and activity coefficients of all components
formed in AgNO;3;—Na,S,0;—NaNO; solutions are calculated, starting from the measurement of
the equilibrium potential. In view of the high ionic strength of the solutions (greater than
0.1mol kg_l), the ion interaction model is applied for the estimation of the activity coefficients,
inevitably imposing the use of an iterative calculation routine. The activity coefficients are shown to
comply with known thermodynamic laws, supporting the appropriateness of the model, together

with the approximations.

List of symbols

activity (M)

concentration (M)

density (kgdm™)

hydration number

molality (mol kg™

molfraction

activity coefficient (molarity scale)
charge of an ion

equilibrium potential vs NHE (V)
ionic strength (M or molkg™!)
molecular weight (kg dm™>)
temperature (K)

ﬂaNoij\t><§N&.ﬁQ

1. Introduction

In photography thiosulphate is used as complexing
agent for silver [1, 2]. Little is known, however,
about the kinetics of the reduction of silver thio-
sulphate complexes, which is the basic reaction
in image formation. Furthermore, the use of thio-
sulphate as a complexing agent is not restricted to
photographic application. In silver plating poisonous
cyanic silver salt solutions are usually used [3] but in
view of increasing environmental considerations
cyanide-free baths for silver plating have now to be
developed.

In both applications, silver concentrations of the
order of 107" m are (preferably) used. The kinetics of
the reduction of silver thiosulphate complexes will
be determined in solutions in the practical concen-
tration range. Besides silver, they contain a high
amount of thiosulphate as complexing agent. This
results in solutions with high ionic strength where
the difference between the concentration and the
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Greek symbols

8 stability constant

~ activity coefficient (molality scale)
v stoichiometric coefficient

[0} osmotic coefficient

Indices

f free (uncomplexed)

s solvent

t total

— (or a) anion
+ (or c) cation
+ mean quantity

activity of the species cannot be ignored. Therefore,
prior to a kinetic study, the concentrations, activities
and activity coeflicients (hereinafter called the concen-
tration parameters) of all present components are
determined.

2. Theory

2.1. Working equations for the calculation of the
concentration parameters

In AgNO;-Na,S,0;—NaNO; solutions complexes
are formed between S,03” ions and Ag" ions on
one hand and Na* ions on the other [4—6].

For thiosulphate activities in the range 5x
107*-2m the composition of the solution is
described by Equations 1-14 [4], using the following
notation:

L for the complexing agent S,05~
AgL, for the complexes Ag(S,03) %V~ x =23
NaL for the complex NaS,07
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(cagr )i = cagL, + CagL, (1)
(cL)e = (cL)f + cnaL + 2cpg1, + 3cag,  (2)
(eNat )t = (ENa*)r + ONaL 3)
dagl, = /Blz(aAg+) ( ) (4)
angl, = Biz(ang+)e(aL)i (5)
anaL = B(ana+ )r(ar)s (6)
(a)e = (yL)e(cL)e ()
(ana+)e = (YNa+)s(eNa+ s (8)
AAagL, = YAgL,CAgL, )
AAgl; = VAgl;CAgl, (10)
dNaL = VNaLCNaL (11)
log 31, = 13.47 [3] (12)
log 815 = 13.77 [5] (13)
log 8 =0.59 [6] (14)

Equations 1-3 are the mass balances respectively
for silver, thiosulphate and sodium, expressed in terms
of concentrations. In the silver mass balance the
concentration of uncomplexed silver ions (cag+)r is
neglected, which assumes that a large excess of
820§~ ions is present. Owing to the stability constant
of Ag(S,05)7, logB;; = 8.82 at 293K [5], its con-
tribution is negligible in Equations 1 and 2 in
the selected concentration range of S,0%". Equations
4—6 describe the equilibrium between the complexes
and the corresponding free ions, relating their
activities. Equations 7-11 give the relationship
between concentration and activity of the com-
ponents, introducing the activity coefficient.
Activities and activity coefficients of individual ionic
species are set equal to the mean activities and
activity coefficients of the electrolytes to which they
belong.

For thiosulphate activities between 5 x 10~ and
5% 107%™, the amount of Ag(S,05);” in the solu-
tion is negligible [4]. In Equations 1 and 2 the last
term is omitted, and Equations 9 and 10 are not
relevant. To know the composition of the solution
for a given total silver, thiosulphate and sodium
concentration 13 parameters remain to be deter-
mined. With a set of nine equations, four must be
measured or calculated independently. (aaz+)r is
deduced from the measurement of the equilibrium
potential of the solution against a silver electrode

[7:

B, net (vsNHE) = 0.799 + 0.059 log(aag+)r  (15)
(¥s5,00 )6 ( YNa+)f and yngs o- are calculated using
the ion interaction model using tabulated values
of specific parameters [8] (see below). The ion
interaction model is chosen because of the high

jonic strength of the solutions (7> 0.1molkg™").

The calculation of the remaining parameters is
straightforward.

At higher thiosulphate activities, both Ag(S,03)3~
and Ag(S203)§_ are present [4], and the complete
set of 11 equations and 16 unknowns must be
considered. Since the activity coeflicients of the com-
plexes cannot be calculated with the ion interaction
model, an additional equation relating them to one
another is required for the determination of the
remaining parameters.

2.2. Working equations for the calculation of the
activity coefficients based on the ion interaction
model

The ion interaction model is based on statistical
mechanics and yields thermodynamic functions from
the knowledge of the interionic potential of mean
force. The basic equation in this approach is the
osmotic equation:

p—1= 6ckTZchfJ< >g,]47rr dr
(16)

where ¢ is the osmotic coefficient, u;; the potential
of mean force, g; the radial distribution function,
c;; the concentration of the ith solute species and
¢ the total concentration of all solute species.
Given the osmotic coefficient, the activity coefficient
may be derived by thermodynamic methods. The
derivation of the equations is found in [8].

In a mixture of electrolytes the mean activity coef-
ficient v, of electrolyte M, X, _, relative to the
molality scale of concentrations, complies with
Equation 17 [8, 9]:

2v
Iny:=lz;z |4+ —Vt;ma [BMa + (Zmz) CMa:|
2u_
2ot (e
v, v_
+ Z Z memy, (|Z+Z—|Bc,'a + —-;—" Cca)
4 a

(17)
with
1'? 2
— I o = 1 1/2
A=-4 {1+1.211/2+1.2ln(“r 20| (8)
for A’ =0.391 at T = 298K [8]; and

1
Bea

1— 1/2
2 - (1+21

— 21 exp(=2I"%)]
(19)

Bca = Zﬂ(?a -+

for 8% and ﬂéa = specific parameters, tabulated in
[8]; C., = specific parameter, independent of I,
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tabulated in [8]; and

Bl — df;a 2ﬁ [—1 4 (1 + 212+ 21)
X exp(—211/2)] (20)
Zmzzzmczczzmalza| (21)
=1Zz?m. (22)
2 - H 1

The terms describing the interactions between ions of
the same sign are not taken into account, since they
are expected to be very small [8].

Equation 17 allows calculation of the activity
coeflicients on condition of known composition of
the solution, which makes the use of an iterative
calculation routine necessary.

2.3. Calculation routine

For the calculations, the solution is considered as a
mixture of three electrolytes:
(i) NaNOj; with concentration = (CNo;)t = (cagh)tt
CNaNO;»
(i) Na,S,0; with concentration = (c,, o )t
(iil) Na(NaS,0;) with concentration to be calculated
iteratively.
This means that for the calculation of the activity
coefficients of components other than silver com-
ponents, the interactions with the latter are omitted.
Concentrations and activity coefficients are con-
verted from the molarity to the molality scale and

vice versa with Equations 23-25 [8]:

m,-d
C; = 23
1+ mM; (23)
- m;dy
=", (24)
Z Qimldl
d=-3c—— (25)

with d = density of the mixture; dy = density of
the pure solvent, i.e. water, and equal to 0.997kgl™!
at 298 K; d; = density of a pure solution of electrolyte
i at equal total ionic strength I (molality scale!) as
the mixture (values in [4]); Q;=1 for 1,1 elec-
trolytes; Q; =3 for 2,1 electrolytes; and Q, =4 for
2,2 electrolytes.

2.3.1. Calculation routine for Ilow thzosulphate
activities. In the case of (ag, or- )¢ between 5 x 107
and 5 x 1072 m all silver is present as Ag(5,03); [4]
and its concentration is equal to the total silver
concentration.

The iterative calculation routine is represented
in Fig. 1. The input parameters are double boxed.
Initially, the NaS,03 molality is set to zero. Together
with the activity coefficients, the concentrations
of (8,037);, (Nat), (Na*); and NaS,03 are cal-
culated. Iteration is continued up to constant ionic
strength. With the value of (az+)r from the measure-
ment of the equilibrium potential, the calculation

({Cs,02-):) ({Cag+h ) (Cs,01 )¢ (Cnat)s Cnas,03
l(zs) l(zs) l(zs) v s $i23) $ 23
(mag+)e
(2)
v 43
(myozhe F—1 (M {mg oe-h [—» 1 < (mg oz )t (my, e Mpas,0;
I F 7t ] ]
(3)
(17) (17) (17)
\ v /
(ys,0r-k (Ynat )t Y Nas,03
7) ¥ v (8)
(as,0t )t {anark
v (6 ¥
8 Nas,0; ©) v
T [ Cson
¥ (23)
MNas,03

Fig. 1. Calculation routine for the concentration parameters of solutions
the equations used for calculation).

with low thiosulphate activities. (The parenthetical numbers refer to
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of the activity, and the activity coefficient of
Ag(S,05)3” is straightforward.

2.3.2. Calculation routine for high thiosulphate
activities. Both Ag(S,03)3” and Ag(S,03); are
present [4], and their concentrations are unknown.
As a first approximation, the concentration of
Ag(S,05);” is set to zero. The same calculation
scheme as for the solutions with low thiosulphate
content is applied for the activity and activity
coefficient of (S,037);, (Na*); and NaS,05. With
the input of the value of (apg+)r from the
equilibrium potential, the activities of the complexes
follow from Equations 4 and 5.

It is assumed that the activity coefficients are mainly
determined by the electrostatic interactions between
the complex ions and their counter ions. All terms
but the first are neglected in Equation 17. 4(7) being
the same function of the ionic strength for both
complexes, as shown by Equation 18, it is found
that the activity coefficients are related by
Equation 26:

Yags:00t = Dagsoz 1" (26)
The conversion factors from the molality to the
molarity scale are ignored. With this additional
equation, the activity coeflicients and concentrations
of the complexes and the other remaining parameters
are sorted from the set of equations. Iteration is con-
tinued up to constant ionic strength.

3. Experimental details

The solutions were prepared with twice demineralized
water and the following chemicals: AgNO; (p.a. Agfa
Gevaert), Na,S,05; and NaNOj; (p.a. Merck). They
were deaerated by nitrogen bubbling.

Measurement of the equilibrium potential was
performed with a millivoltmeter (Minisis 6000,
Tacussel, accuracy £0.1mV) on a silver electrode
(99.99% purity, Johnson and Matthey) against a
calomel reference electrode with saturated KCl
solution (Tacussel), under thermostatic conditions
(25.0£0.1°C). The liquid junction potential is
neglected because the cell under investigation con-
tains an excess of inert electrolyte of nearly uniform
concentration and reactant species in much smaller
concentrations. In this case, the cell potential is given
by the Nernst equation (15) [10].

4. Results and discussion

The equilibrium potentials were measured in various
AgNO;-Na,S8,0;-NaNO; solutions as a function
of the total silver, total thiosulphate and sodium
nitrate concentration and the results are listed in
Table 1. The concentration parameters were calcu-
lated according to the routines explained in Section
2, and listed in Table 1.

Adding NaNO; to the solution has a double
effect: (a) it acts as a supporting electrolyte making
the activity coefficient of the complex independent of
its concentration: compare in Table 1 series 1.0 to
4.0; 1.1 to 4.1; 1.2 to 4.2 and 1.3 to 4.3 with series 1
to 4; and (b) it has an important side effect on the
complex formation between Ag™ and S,03 through
the formation of NaS,053.

For solution series 1 to 4 a linear increase in the
logarithm of the activity coefficient of NaS,03 with
the NaNOj; molality is found, illustrated in Fig. 2
for solution series 1. The linear dependence indicates
that the variation is predominantly due to hydration
effects [11, 12]. Furthermore, from the slope of the
straight line, the hydration number of NaS,03 can
be calculated [11, 12]:

hNa(Nas,0;) = [slope/0.018] — hngano, +2 (29)

with Aixano, = 1[4, 8, 11]. The value of the slope is 0.1
for the four series of solutions, resulting in a hydration
number of 6.5 for Na(NaS,0;), which is in good
agreement with the value of 7 for the hydration
number of Na,S,0; [4, 8, 11].

The osmotic equation being the basis of the
ion interaction model, it is not surprising that a
relationship between the activity coefficient and the
hydration number is found. Indeed, for an aqueous
solution of an electrolyte with stoichiometric
coefficient v, the osmotic coefficient is related to the
water activity a, by Equation 30 [8]:

vme

55.51

and aq in its turn is, by the molfraction x,, related to
the hydration number:

(30)

Ina, =

. 1-0.018
T 140.018m(v — h)
The variation of the activity coefficients of the
complexes as a function of the total thiosulphate

(31)

0.8
S
2
2 04-
Z
> A
£
0.0 T T T 1
0 4 8
Myano, /M

Fig. 2. Variation of the activity coefficient y of NaS,05 as a
function of the molality of NaNQ;. Composition of the solution:
(cagt )i =12 x 10~*m and (es,00 )0 = 2.7 x 1072 m.
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concentration is very complex, due to the fact that
SZO§_ acts, not only as complexing agent, but also
as supporting electrolyte.

5. Conclusion

An iterative calculation routine has been set up for the
determination of the concentration parameters of
AgNO3;—-Na,S,0;—NaNO; solutions. Introducing a
number of simplifications, activity coeflicients have
been determined and found to comply with known
thermodynamic laws.

In a subsequent paper, these data will be applied for
the determination of the mechanism and the kinetic
parameters of the reduction of silver thiosulphate
complexes.
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