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ABSTRACT A new type of potentiatpH diagram and distribution curves X (i )-pH of aqueous species for
the S H>0 system have been reported and discussed according to overall equilibrium principle. The stable re-
gion of elemental sulfur is dependent on total sulfur concentration C(S) of all species in solution and partial
pressure p HQS/ pof HyS gas. When p HQS/ p%= 10" %and €,(S)= 1 mol/L, the stable range of sulfur disap-
pears. Dominant region of S3~ ion in the solution corresponds to stable region of solid sulfur in E,-pH dia-

gram. This type of E-pH diagrams and distribution curves of aqueous species are of both theoretical and prac-
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tical importance.
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1 INTRODUCTION

Since potentiabpH diagrams were estab-
lished by Pourbaix M, they have been widely
used in many fields. There are at present sys
tematical potentiakpH diagrams of metabH,0
systems at 25 C. It has been generally admitted
that thermodynamic changes of these systems
can be foreseen through the simple relationship
of potential and pH. However, only two sub-
stances are considered for each equilibrium line in
drawing of Pourbaix diagrams, and the effective
concentrations of the two substances are fixed
beforehand in order to get exact location of each
line. This approach does not match with practr-
cal demands in some applications. It has obvious
advantages to draw potentiakpH diagrams using
overall equilibrium principle presented by Con-

. The new type of diagrams is

grui F et al'®
different from the old ones and does not have
dominant range of each ion(or molecule) , but
they have a common solution stable range for all
aqueous species. Not only a single ion whose ef-
fective concentration is fixed is considered to bal
ance with solid (or gas) phase at the equilibrium

line, but all ions in the solution are considered to
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keep equilibrium with solid( or gas) phase.

The overall equilibrium diagrams of poten-
tiakpH in SH,0 system are of importance on
theoretical study of the direct electrolysis of
aqueous hydrogen sulfide to produce sulfur and
hydrogen gas. There is an equilibrium among
concentrations of the all species involved in S
H>0 system under given values of potential and
pH. But such a relationship does not exist in
Pourbaix diagrams. So this new type of overall
equilibrium diagrams is of both theoretical and
practical significance.

In this article, the equilibrium relationships
of sulfur and hydrogen sulfide gas with solution
will be discussed. The substances here consid-
ered are S, S57, S37, ST, S5, HS™, H,S
(aq.), S(s), HaS(g), HSO3, SOz , HSO4 ,
SOT™ . $037. $,0i7, $,05 . and S0 .
Their thermodynamic data are from reference
[ 3]. Other species are not considered because of
their insignificant contents.

2 CALCULATION

The species considered in the solution can
be divided into two groups for convenient discus-
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SlOm. [HSO3F |= 1071+ (E=0.4759)/0.0148
(a) species H;SY % those oxidation states (=1, n=1, m=3)
of sulfur element are negtive. For example, when [SO7 |= 081’H+ (£-0.3524)/0. 00985
[ = 0, H;82 represents polysulfides or sulfide (=0, n=1, m=4)

S (n=1,2,3,4.5; whenl= 1, H;S}
resents HS™ ; when (= 2, H;Sl,,_ 2 is H>S.
H;S,,O{H_ 2. the oxidation states
of sulfur element are positive. When [ = 0,
H,8,05; 2 03,
$,077, $,057; when / = 1, 18,0, °
sents HSO3 and HSOj .

(b) species

represents SO3, SO% .,

repre

2.1 Overall equilibrium potential pH diagram
2. 1.1 Equilibrium of solid sulfur with solution
The equilibrium potentials of all aqueous
species in the solution with respect to sulfur(0)
should be the same according to overall equilibri-
um principle.
(1) Equilibrium of species in group (a) with sul-
fur
The gerneral electrode reaction can be

shown as eqn. (1)
H,85 %= nS(s) + (H' + 2e (1)
[H,S,°

cording to Nernst equation

] can be expressed as eqn. (2) ac

(1,8 2= 100~ o (E'- E)/0.0295) (2)

where  E" is the standard potential of corre

sponding redox couple H;S.™ /S, For example,

(S ]= 100~ 0-446- BNO.005 /g )
[HS™ = 100" tH- 2 119- 33.8985)
(l=1,n=1)

(2) Equilibrium of species in group (b) with
sulfur

The gerneral electrode reaction can be
shown as eqn. (3)

H,S, 00 %+ (2m- DH + (2m— 2)e=

nS(s)+ mH»0 (3)

So, [H;S,,(){,,_ 2] can be expressed as eqn.
(4) using Nernst equaion

[H,8,05 =

10/ 2m= DpH+ (2m=2)(E- £%)70.059 (4)
where  E° is the standard potentials of corre

sponding redox couple H;S,,O{H_ ?/8S.

For example,

The total concentration of sulfur in the solu-
tion is denoted as

C(S)= Zn[H;S,05 %]+
2n[H;S) 7 (5)

or C[(S): [S* ]+ 2[S5 1+ 3[S5 |+
4[ST ]+ 5085 |+ [HS™ ]+
[H2S(aq. )]+ [HSO3 }+ [SO3 |+

[HSO4 |+ [SO3 ]+ 2[S:03 |+

25205 1+ 2[$205 |+ 4[8:057 ] ()
When the items in right hand of eqn. (5/) are
substituted with corresponding expressions in e
qns. (2) and (4), E values can be calculated for
given C,(S) and pH values. Relationship of F
and pH 1s listed in Table 1 when € ,(S)= 1mol/
L, and is shown in Fig. 1 or Fig. 2 ( curve
$18283 ) .

2. 1.2 Equilibrium of H2S gas with solution
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Fig. 1 Effect of C((S) on overall
equilibrium potential pH diagram
(25 C, ])HQS/])(): 1)

{a) —C(S)= 1.0mol/L; (b) —C(S)= 10mol/L
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0 s [HaS(aq.) 1= 107" " (pus/p®) (8)
53 (@ The equilibriums of polysulfides S3™ with
0.3 H-S eas :
0.1 S¥ + 2nH" + (2n- 2)e= nH,S(g)
(n=2, 3. 4, 5) (9)
~0.1 Its Nernst equation is ( 10):
> 03 >, E= E°+ {(0.059/(2n- 2)}log{[ S} | %
@ o [ 12" (pus/p”)") (10)
©ni—0.5
? s (b) SO?
= 03 } (82 = 10+ (= 1(E- £)/0.0295
Solution n
0.1 we (pus/p°) (11)
where  E° is the standard potential of corre
=90.1 sponding redox couple. For example,
o3 [S3 | = Johils (E-0.7598)/0.0295
52 0,2
» (pus/p)
- 152
0-55 2 4 6 g 10 12 14 (n=2)

Fig. 2 Effect of pu g/ p0 on overall
equilibrium potential pH diagram
(25C, C(S)= 1.0mol/ L)

(a) —p HQS/ p 0= 0.001; (b)y —p HQS/ p 0= 10°°

Table 1 Calculated Results According
to Eqn. (5)
pH E/V pH E/V
-2 0.265 0.475 6 - 0.205 - 0.125
0 0.145 0. 335 8 —-0.295 -0.275
2 0.025 0. 195 8.2 —0.305 - 0.295

4 - 0.095 0.035

The equilibrium potentials for all aqueous
species in the solution with respect to HoS gas
should have a common value according to overall
quilibrium principle.

Equilibriums of H,S gas with 87, HS~
and H>S(aq.) are shown in eqns. (6), (7) and
(8).

S + 2H" = H,8(g) (6)
[Sz— 1= 10(2[)H— 20.91) (]>H25/]> 0) (6)
HS + H' = H,S(g) (7)
[HS™ J= 10" 77 (py o/ p°) (7)
H,S(aq. ) = Ha5(g) (8)

The quilibrium of H,S gas with H;S,,(){,I_ 2
18

;8,05 %+ (2n+ 2m—- DHH" +

(2n+ 2m—- 2)e= nH2S(g)+ mH.0 (12)

Similarly, [H;S,,(){,I_ 2] can be expressed as
eqn. (13) from its Nernst equation:

[HS,05 *] =

1020+ 2m= DpH+ (204 2m- 2)(E- 170,059

(pus/p*)" (13)
where  E° is the standard potential of corre
sponding redox couple H;S,,O{H_ 2/HQS( g). For
example,

[HSO3 |= 107 (£- 0375270 00985(])H25/ 29

[504— ] — 1010;)H+ (E-0.3078)/0. 00739(]) HQS/ » O)

The total concentration of sulfur in the solu-
tion C((S) can be given by eqn. (14), which is
similar to eqn. (5):

C(S)= Zn[H,;S,0% %1+

n[HS, % (14)

Similarly, E value can be calculated for giv-

en pH, C.(S) and pn_s according to expressions
/

of (6), (7)., (8), (11), and (13). The re
sults are listed in Table 2 for C(S)= 1mol/L
and p HQS/pO: 1. The curve of HoS( g)-Soln. 1is
shown in Fig. 1 or Fig. 2( curve g1, s2, g2).

2. 1.3 Equilibrium of SSH»>S(g)-Solution
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Equilibrium potential of sulfur with the so-
lution equals that of HaS(g) with the solution

Table 2 Calculated results according
to Eqn. (16)

pH E pH E

-2 0. 425 7.2 - 0.235
0 0. 295 7.4 - 0.255
2 0. 145 7.6 - 0.265
4 0. 005 7.8 - 0.285
6 - 0.145 7.9 - 0.295
7 - 0.225

according to overall equilibrium principle. In
other words, the concentration of any aqueous
species in balance with sulfur is the same as its
concentration in balance with H2S gas. The fol-
lowing is the result from eqn. (2) ( n= 1) and
(6):
(- 0.4446- F)/0.0295= 2pH- 20.91+
log( pn,s/p 0) (15)
that is
E=0.1722- 0. 059pH -
0.0295log( pu,s/ p % ( 15/)

The corresponding curve of E and pH is
shown in Fig. 1(curve t1s2) or Fig. 2(h) (curve
ti1tr ) .

2.2 Distribution of aqueous species composi-
tion

Overall equilibrium potentiakpH diagram
shows dominant regions of solid sulfur, H,S gas
and solution in SH>0 system. However, it does
not indicate directly how the aqueoues species are
distributed. Concentrations of the species in the
solution can be figured out with overall equilibr-
um principle.

2.2.1 Equilibrium of polysulfides S7 with

S*
The general electrode reaction is
SY + (2n- 2)e= nS*
(n=2, 3, 4, 9) (16)
[S%7 | can be expressed as eqn. (17) using
Nernst equation of (16).

(92 1= 1020 2(E- E% /0. 09 g2 (17)

where  E° is the standard potential of corre
sponding redox couple 837 /8%
2.2.2 Equilibrium of HS™ and H2S(aq.) with
%
The relationships of [ HS™ | and [ H,S

(aq.)] with [S*" ] can be gotten on the basis of
dissociation equilibrium of reactions ( 18) and

(20).
HS = H* + 8% (18)
[HS™ |= 10012-91- pH)[Sz— ] (19)
H,S(aq. )= 2H" + S* (20)
[HaS(aq.) = 10120 2 g2 (21)

2.2.3  Equilibrium of H;S,0% ? with 8%
H,S, 00 %+ (2m- DH™ + (2m+ 2n— 2)e=

nS* + mH,0 (22)

[H,8,05 =

1/ 2m= DpHe (2m+ 20- 2)(E- EY 0. 059 g2~ |

(23)
where  E?is the standard potential of the cor
responding redox couple H;S,,Of,l_ 2/8% .

The total sulfur concentration of aqueous
species 1s denoted as C(S), then

C(S)= 2n[Sn* ]+ [HS ]+

[H2S(aq. )]+ Za[H,S,05 %]
(24)

The ratio X (i) of the total sulfur concen-
tration of species ¢ to that of all species in the so-
lution can be expressed as follows:

X(i)= gl[i]/C(S) (25)
where g is sulfur atom numbers in species i.
Relationships of X () and pH for given values of
potentials and C,(S) are shown in Figs. 3 and 4.

3 RESULTS AND DISCUSSION

PotentiakpH diagrams can be constructed
for given pH, C.(S) and pns/p O according to
eqns. (5), (14) and (15), and they are shown
in Figs. 1 and 2. The Figs. show that there is
only one common stable range for all aqueous
species, being different from Pourbaix diagrams.
In Fig. 1 and Fig. 2(a), the region around solid
curves £1sp and sys3 1s stable range of sulfur, the
region around curves ¢ 153 and sog» is that of H,S
gas, and other is that of aqueoues species. Figs.
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1 and 2 show that stable regions of solid sulfur
and H,S gas are dependent on both total con-
tent C(S) and partial pressure of H,S gas. Figs.
3 and 4 show the relationships of the species in
solution and C(S) or potentials.

1.0
3\ 1 (a)

0.8
C,(8)=0.1mol/L
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X(:)
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C(S)=1.0mol/L
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0 i
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Fig. 3 Effect of C(S) on distribution

diagrams ( potential= 0 V)
1 —807 ; 2—S3; 3—H,8(aq.)

3.1 Effect of Ci(S) on EypH diagrams

Fig. 1 shows that the region around curves
s1s2 and sys3 becomes bigger with increasing C,
(S). Howerver, threephase line ¢1s2 is not as-
sociated with € (S). So the extent that stable
region of solid sulfur increases with C(S) is not
very obvious. The stable region of hydrogen sul-
fide gas also increases and shifts to the solution of

higher pH.

3.2 Effect of 17}125/pO on E-pH diagrams

Fig. 2 shows that the effect of p H25/1)0 s
greater than that of C,(S). When C,(S) is

fixed, stable region of sulfur hecomes narrower,

but that of H,S gas increases, with the decreas
ing of pns/p . When p s/ p O decreases, anod-
ic potentials increases, and so does concentration
of higher valent sulfur species in the solution.
When pus/p = 107 °, the stable region of ele
mental sulfur disappears because locations of
curves sis» and sps3 are nolt dependent upon
pus/ p (seeing Figs. 1 and 2). Fig. 2(h) shows
that the range helow curve gig2 is stable region

of H,S gas.

1.0 =
} 1 a
0.8
2
1—S0;°
0.6 2—8-
3—H,S(aq. )
4—HS"
0.4 potential = ~ 0.2 V
0.2
5 Y
Z 0
< 3 1 (b)
4
0.8
1—S02-
0.6 2—SE-
3—'HZS(aq.)
0.4 4—HSO,
potential = 0.25 V
0.2/
0

0 2 4 6 8 10 12 14
pH

Fig. 4 Effect of potentials on
distribution diagrams ( C((S)= 1. Omol/ L)

As can be seen from the discussion above
that the presence of H2S gas has great effect on
stable region of sulfur. When C,(S) of aqueous
species in solution and p H25/1)0 of HaS gas in-
crease, the stable region of elemental sulfur be
comes wider and longer, which favours elec
trolytical oxidation of low oxidate numbers
species, such as HoS(aq. ), HS et al, to pro-
duce sulfur.

3.3 Distribution curve diagrams
Figs. 3 and 4 show that dominant species in
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the solution are S3” , HoS(aq.), HS™, HSO4 ,
and SOF , in the range of potentials considered
here. Considerable amount of SO ion is pre
sent even in acidic solution with increasing po-
tentials. 5042;_ ion is also dominant in alkaline
solution at more negative potentials. In other
words, SO3F” ion is stable thermodynamically in
wider ranges of potentials and pH. H2S(aq. ) is
present only in a strong acidic solution when po-
tential 1s 0. 25V. HS™ ion only exists in the
vicinity of neutral solution. Distribution curves
of S37 ion progressively shift to acidic solution
with increasing potentials. Figs. 3 and 4 also
show that S5 ion is present in the corresponding
solution of sulfur stable region in E-pH dia
gram. X (S37) decreases with the increasing of
potentials, this is due to oxidation of S3° at
higher potentials.

S3™ + 20H,0= 5807 + 40H* + 32¢ (26)

Effect of C,(S) on X (S5 ) is shown in
Fig. 3. X S%_ ) increases with C(S). When
C.(S) changes from 0. 1 to 1. O mol/L, X .
(S37) increases from 0.1 to 0. 8. So continuous
increasing C,(S) has not great effect on content
of 837 ion in the solution. Because polysulfides
are intermediates during electrolysis of sulfides to

produce sulfur'*', it is important how aqueous

species , especially polysulfides, are distributed
with € (S) and potentials.

4 CONCLUSION

Thermodynamic analyses for the sulfurwa
ter system indicate that overall equilibrium po-
tential pH diagrams consist of three phases, i. e.
solid sulfur, aqueous species and hydrogen sul-
fide gas, and that the domiant species in the so-
lution are SOF~ , HSO7 , H»S(aq.), HS™ , and
S37 . Both the stable region of elemental sulfur

and distributions of S3” ion concentrations with
pH are dependent on total sulfur content C,(S)
of aqueous species. Partial pressures of HaS gas
have great effects on stable regions of sulfur.
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