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+ is known that selenium dissolves in solutions of alkali and alkaline-earth sulfides to form com-
The solubility of selenium in sodium sulfide solutions is utilized in tech-

.
.4 with mixed anions [1].
; .. For example, sodium sulfide is used for extraction of selenium from sludge by-products in the
«izric acid and pulp and paper industries [2]. Several variants have been devised for smelting of dusts
_jead-manufacturing plants with formation of polysulfide slags containing selenium, which are then
.cted to further hydrometallurgical treatment (3, 4]. There are also other possibilities for effective
25l :.mon of the properties of solutions of sodium selenosulfides. This makes it all the more necessary
w wudy the interaction of selenium with sodium sulfides and of sulfur with solutions of sodium selenides,

' e information on the subject in the literature is very limited.

Tuble 1 contains data on the solubility of selenium in solutions of sodium mono~ and polysulfides,
. on the main reactions occurring in the dissolution process.

Selenium and sulfur were dissolved in the various solutions in closed flasks, agitated by magnetic
s.rrors. In order to avoid oxidation of the sulfides and selenides, the samples were withdrawn with the
+.i ¢ rubber bulb in a2 mechanical sampling device through an inverted Schott funnel contained in the reac-

flask. Control experiments were conducted in an atmosphere of technical nitrogen additionally treated

»'=: pyrogallel to remove oxygen. _

Sodium sulfide of analytical grade, sulfur containing 99.9% S, and selenium containing 99.99% Se were
sse:d in the experiments.

The potentials were measured with an R-300 potentiometer with the aid of a platinum electrode,
un + 0,001 V. A saturated calomel electrode was used as the reference electrode.

The results show that selenium dissolves in mono-, di-, and trisulfide to form diselenosulfide when
xe solution is saturated with selenium.* The solubility of selenium in tetrasulfide is very limited. Dis-
s fution of selenium is accompanied by color changes of the colorless sulfide and yellow polysulfides to
.z'ense red-brown, characteristic of polyselenide solutions.

Analogous color changes occur when elemental sulfur is introduced into colorless monoselenide
» lution. In this case a mixed anion and sodium monosulfide are formed first, by the reaction

2562~ + 2§ == 5Se}~ + S, 4)

On further addition of sulfur polysulfides appear. So long as mono-, di-, and trisulfides are present
2 *he solution, selenium is not displaced by sulfur from the selenosulfide, as selenium is soluble in lower
Ivsulfides with formation of tetrasulfide [see Table 1, reactions @} and (3)]. Accordingly, the reaction

=%-n sulfur dissolves in monoselenide without displacement of selenium is

2Se" 4- 28 = SSel™ 4~ S}~ ®)

————
i lysulfide solutions contain ions with different numbers of sulfur atoms simultaneously [5]. In this

+'7uer we describe solutions with average S/ Naratio of2 as disulfides, with ratio of 3 as trisulfides, etc.

T ——————
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TABLE 1. Dissolution of Selenium in Sodium Sulfide Solutions

‘ - - , = —
Original oncentration E o, E ~ 9 ;;-_‘: . = E ug‘E
sodium dissolved 3 2 _{3 . § g g Presumed reactions b'e- 338 % e
sulfide . selenium w == AN T |tween sulfides and selenium{5 s T=
sulfide (M) BT oo R8T 2o 5 8=g
(g-atom per 0 8% 205'3;: 9 L, 5%
liter) RZES|<R=ZEF EOSEF
0.96 2.22 2.30
1.09 1.82 1.67
Na . =
s S 1.46 3.00 2.05 2.05 Nazs + 28e N32$Se2 1) 2.00
1.46 3.20 2.20
0.97 1.20 1.26
Na,S, 0.98 1.22 1.25 1.23 3§32:2+45e"2N325592 ¥ 1.33
0.99 1.17 1.20 25 @)
0.83 0.51 0.62 IN&S. + 256 =N
Na,S, 0.92 0.51 0.56 0.57 | P2lst 250 =Na,SSe + 0.66
0.96 0.50 0.52 2,5¢ @)
0.88 0.11 0.12 4N2,S, +2Se = Na,SSe, + )
Na,S, 123 | oa1 0.09 0.12 3Na,S; 0.50
1.40 0.22 0.15 | Na,S, +2Se = Na,SSe, +35 2.00

Addition of fresh portions of sulfur is accompanied by displacement of selenium from sodium selen
sulfide by the reaction

SSel™ - 35 =52~ 4 28e. {6+

Further dissolution of sulfur merely leads to increased S/ Na ratio,

The above suggestions are confirmed by the good agreement between experimental data (see Fig. 1.
curves 2 and 4) and the theoretical curves (curves 1, 3) plotted in accordance with the equations for reac-
tions (5) and (6) for solutions with different initial selenium contents. Complete precipitation of seleniun
cannot be achieved in practice, because equilibrium between polysulfide and diselenosulfide ions becomc+

established in the final solution.

If one starts with polyselenide solutions, then the following is to be expected (by analogy with the

foregoing) when sulfur is introduced into them:
. . . 0

NaySe, 4 S = Na,SS8e, 4 (n — 2) Se .

Na,58¢y + 73S = Na,S, + 3Se £

Na,Se, 4 45 == Nay8S, + nSe

o

Thus, it is possible to dissolve 1 mole of sulfur per mole of diselenide without displacement of
selenium, while further additions of sulfur, as in the case of monoselenide solution, lead to precipitation
of sulfur and formation of tetrasulfide. In original tri- and tetraselenide solutions dissolution of sulfur
proceeds right from the start only by displacement of selenium from the diselenosuifide.

Figure 1 (on the right) shows the results of an experiment in which sulfur was introduced into
sodium selenide solution saturated with selenium. Apart from the last few points, the experimental re-
sults fit satisfactorily on the theoretical straight line corresponding to the tetraselenide.

It is evident from the above that the same compound, Na,SSe,, is formed when selenium dissolves
in solutions of sodium sulfides and when sulfur dissolves in solutions of sodium selenides. Some proper-
ties of aqueous solutions of this compound were investigated.

Diselenosulfide solutions are relatively stable. During prolonged contact with air they are slowly
oxidized with formation of the gray crystalline form of elemental selenium,
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Fig. 1. Displacement of selenium by sulfur from sodium selenide
solutions. A) Selenium concentration (g-atom/ liter); B} sulfur con-
centration (g-atom/liter). 1-4) Monoselenide; 5-7) polyselenide.
Curves: 1,3) theoretical, from Egs. () and (6) respectively; 2,4) ex~
perimental; 5) Na,Se, + 45; 6) Na,Sey + 4S; 7) Na,Se, + 4S.

When air is passed through the solution, selenium is precipitated without any substantial separation
{ sulfur, which is oxidized predominantly to thiosulfate by the reaction

2Na,SSe, + 20, + 11,0 == Se + Na,S,0, + 2NaOH. 0)

In electrolysis of diselenosulfide solution the gray crystalline form of elemental selenium is formed
» the anode; the selenium is deposited in a compact layer and rapidly makes the anode passive; separation

. elemental sulfur was not observed.
When the solution is acidified, elemental sulfur is precipitated and hydrogen sulfide is evolved

In each of the cases studied sulfur acts as an ion having a charge of —2, while selenium behaves
xe a neutral ligand which enters the complex anion and is liberated when the ion is decomposed. Grin-
werg (6] referred to the possibility of such a structure.

The change of free energy in formation of the SSez’2 ion can be approximately estimated from data

n dissolution of selenium in polysulfides.
Since selenium dissolves only in mon-, di-, and trisulfide, the following inequality holds:

0 0 oA 7"
AZg <8230, < REVAl 4~ 2425

Taking the values given by Maronny and Valensi [5] for AZOSZZ and AZ%Se{2 we have

16.6 < AZ” ,_< 20,6,
")t refinement of this value, we measured the emf of the following cell at various Na,SSe; concentrations:

Pt{Se) | Na;SSe, | KCI| Hy,C1, | Hy.
he standard potential of Se/ SSe 2 was calculated from the results; it was found to be —0,383 V at t = 25°.
Assuming that the primary anode reaction is

SSel” =2Se 4- S* 4 2¢, an

n obtain the value AZ3y;° = 17.6 kcal/ mole for the SSe;? ion; this fits into the range indicated above. Hence

he instability constant of the complex SSe;* anion is 10732,
CONCLUSIONS

_1 Selenium dissolves in sodium mono-, di-, and trisulfide to form the diselenosulfide N2,SSe,. The
solubility of selenium in tetrasulfide is slight.
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2. Dissolution of sulfur in sodium selenides is accompanied by primary formation of the diselep,.-
sulfide. Further additions of sulfur lead to displacement of selenium and formation of polysulfides,

3. The change of free energy in formation of the SSe;? ion was found to be 17.6 kcal/ mole.
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