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Electrochemical techniques were used to study the oxidation of  H S -  ions at pH 9.3. Voltammetry of  
gold electrodes in H S -  -containing solutions showed that multilayers of  sulphur and soluble oxidation 
products were formed. As a known H S -  oxidation product,  thiosulphate solutions were also studied 
voltammetrically, but  found to be electro-inactive at mildly oxidising potentials. The voltammetric 
behaviour of  polysulphide ions, $2, - (n = 2 to 5), was similar to that of  H S -  solutions on oxidation, 
though they could be reduced to H S -  ions at low potentials. Ring-disc electrode experiments, 
extending the H S -  concentration range that had been studied previously, confirmed that polysulphide 
ions were produced on reduction of  anodically deposited elemental sulphur. This was demonstrated 
in both cyclic vol tammetry and potential step experiments. By comparison of the charges passed 
producing polysulphides from sulphur and reducing them to H S -  ions, an average polysulphide chain 
length of  1.8 was calculated, indicating a mixture of species was produced. Ion chromatography 
confirmed that polysulphide solutions do contain a number  of  species, consistent with thermodynamic 
predictions. 

1. Introduction 

The British Gas Stretford Process for the removal 
of H2S from natural and process gases has been 
described elsewhere [1-3], as have the thermodynamics 
of sulphur-water systems [4]. The objective of the 
presently reported work was to investigate the electro- 
chemical kinetics and mechanisms of the S/HS- couple 
under conditions relevant to the Stretford Process, in 
which the homogeneous oxidation of HS- ions: 

HS- + OH ~ ' S '  + H20 + 2e- (1) 
is driven by the reduction, ultimately of dissolved 
oxygen, mediated by anthraquinone disulphonates 
(AQDS) [5] and V(V) species [6], the electrochemical 
behaviour of which is reported elsewhere. The behav- 
iour of the coupled redox reactions AQDS/HS-, 
AQDSH-/O2 and V(V)/HS- was also studied [7] using 
primarily stopped flow spectrophotometry. 

2. Experimental details 

2. I. Electrochemical instrumentation 

Electrochemical investigations of hydrosulphide ions 
in aqueous solution are complicated by the propensity 
of metals to interact strongly with sulphur species; this 
is less of a problem with gold than platinum [8], 
though even gold can dissolve in sulphide solutions to 

form the gold (I) complex AuS- [9] which is thermo- 
dynamically stable in  alkaline solution. Recent evi- 
dence [10-13] suggested that gold electrodes at poten- 
tials > - 0 . 5 V  vs SHE in sulphide solutions at 
pH9.2, became coated with a gold sulphide phase, 
though this did not passivate the electrode towards 
further sulphur deposition. Hence, the oxidation 
kinetics of hydrosulphide and polysulphide solutions 
were studied using voltammetry at a gold rotating 
ring-disc electrode (RRDE) system (Oxford Electrodes). 
The disc area was 0.3848 cm 2 and the electrode dimen- 
sions were r~ --- 3.5, r2 --- 3.75, r3 = 4.0mm, which 
corresponds to a theoretical current collection effi- 
ciency of 0.17 [14], as verified experimentally with 
ferri/ferrocyanide. 

The ring-disc electrode was polished to a mirror 
finish with 0.3 #m alumina powder. Cathodic polar- 
ization and potential cycling were investigated as 
possible methods of electrode activation. Holding the 
electrode at -1 .7  V vs SHE removed the adsorbed 
oxygen, but subsequent voltammograms recorded in 
sulphide solutions showed current densities lower 
than those which were obtained after the electrode had 
undergone potential cycling, suggesting the presence 
of adsorbed sulphur. It was found that potential cycling 
at 10Vs -l between -1 .25V and ÷ 1.75V vs SHE 
produced an active gold surface. If the anodic limit of 
the potential scans was decreased to -0 .2  V vs SHE, 

* Present address: Lever Development Centre Casalpusterlengo, via Lever Gibbs, 20071 Casalpusterlengo, Italy. 

0021-891X © 1993 Chapman & Hall 287 



288 G.H. KELSALL AND I. THOMPSON 

the electrode surface was not activated; adsorbed 
sulphur on the gold electrode is oxidized to sulphate 
only at potential > 0.5 V vs SHE [10]. After potential 
cycling, the electrode was held at the cathodic limit, 
prior to a potential scan or pulse. 

Current densities were calculated from the geometri- 
cal surface area unless otherwise stated. The real sur- 
face area of the gold disc electrode was determined by 
sweeping the potential from 0.5 to 1.7V vs SHE at 
10mVs 1 and integrating the gold oxide formation 
current in 1 kmo! HC104 m -3 [15]. The formation of 
one monolayer of oxide on polycrystalline gold with a 
roughness factor of one requires 0.40 mC cm- 2; hence, 
the surface roughness factor of the polished gold disc 
electrode was found to be 1.3. 

The ring-disc electrode potentials were controlled 
using a laboratory-built bipotentiostat, with program- 
ming potentials provided by two Hi-Tek PPR1 wave- 
form generators. The ring and disc currents were 
recorded on JJ Loyd PL4 xy-t chart recorders. 

2.2. Electrolyte preparation 

Carbonate and borate buffer solutions of pH 9.3 and 
9.2, were prepared respectively, from (i) 0.059 kmol 
NazCO3 + 0.223 kmol NaHCO3 + 0.10kmol Na2SO4 
m -3 and (ii) 12.5mol Na2BaOT. 10H20 + 0.9tool 
NaOH + 0.1kmol NazSO4 m-3 analytical grade 
reagents (BDH Merck, Ltd) in triply distilled water. A 
stock solution containing 0.1 kmol H S - m  3 was 
prepared from dried crystals of analytical grade sodium 
sulphide (BDH Merck, Ltd) dissolved in the appro- 
priate deoxygenated buffer solution. The molarity of 
this stock solution was checked by iodate titration [16], 
since even solid sodium sulphide is oxidised by atmos- 
pheric oxygen and is deliquescent. Freshly opened 
sodium sulphide was found to contain about 32% 
Na2 S, corresponding to 9.23 moles of water of crystal- 
lisation. Stock sulphide solutions could be kept for 
several weeks without degradation in a septum-stop- 
pered bottle with a nitrogen atmosphere over the liquid. 

Sodium tetrasulphide (NazS4) was prepared by 
the method of Schwarzenbach and Fischer [17]. Poly- 
sulphide solutions were prepared by either dissolving 
the appropriate mass of Na2S4 in an oxygen-free 
buffer solution, or by dissolving elemental sulphur in 
sulphide solution. A stock solution with an average 
polysulphide chain length two, was prepared by 
adding elemental sulphur to a solution of Na 2 S in the 
molar ratio 1 : 1. 

2.3. Ion chromatography 

The experimental apparatus was configured as shown 
in Fig. 1. A glass reservoir held the 0.1 kmol Na2CO3 m 3 
eluent, which was sparged constantly with nitrogen 
and pumped (Kontron 414T) at 3.8 MPa through a 
pressure damper and (0.02 cm 3) injection port into a 
Dionex AG3 guard column. The latter prevented 
strongly adsorbing ions from poisoning the main ion 
exchange column. Both a LKB 2238 Unicord SII fixed 

wavelength u.v. detector (at 254nm) and a Dionex 
ECD electrochemical detector were used. The latter 
consisted of a silver working electrode (held at - 0.1 V 
against a Ag/AgC1 reference electrode) and a gold 
counter electrode; any sulphide or polysulphide pro- 
duced an oxidation current due to Ag2S formation: 

2Ag + HS- --* Ag2S + H + + 2e- (2) 

Aqueous polysulphide solutions were prepared by 
diluting stock solutions with deoxygenated purified 
water to form solutions in the concentration range 
0.1-1.0 mol m -3. 

The concentrations of polysulphide ions in the 
injected samples were calculated from the rate con- 
stants for the equilibration between the various species 
[18]. From the initial concentrations of S(0) and 
S ( -  II), and knowing the pH, the equilibrium concen- 
trations of the polysulphide species were calculated. 
The program TKSOLVER run on a Digital 350 micro- 
computer was used to solve numerically the resulting 
set of simultaneous equations. Corrections were made 
for the effect of ionic strength by calculating the activity 
coefficients [19]. 

3. Results and discussion 

3.1. Voltammetry of aqueous hydrosulphide solutions 

Figure 2 shows a voltammogram of a gold electrode in 
sulphide solution at pH 9.2. The main oxidation peak 
at + 0.09 V vs SHE was due to the oxidation HS- ions 
producing layers of elemental sulphur, the dielectric 
nature of which inhibited further oxidation. On the 
negative-going potential scan, the corresponding 
reduction was observed at potentials < -0.43 V vs 
SHE, the large potential separation of current peaks 
indicating a highly irreversible process. The integrated 
charge under the oxidation peak was approximately 
20 C m -2 (based on the real surface area), whereas a 
monolayer of sulphur requiring 2 Fmol -l,  has been 
calculated to correspond to charge densities of 3.5 and 
2.3Cm -2 [10, 20] (depending on the assumptions 
made about the sulphur packing), so that several 
monolayers of sulphur were formed, in agreement 
with previous reports [10-13, 21]. 

More oxidation charge was passed than was recovered 
on the reduction, due to the following: 

(i) A reaction that produced soluble sulphur oxidation 
products occurred in parallel with that of sulphur 
formation. Possible alternative oxidation products 
include polysulphides, thiosulphate, sulphite and 
sulphate, according to thermodynamic predictions [4]. 
(ii) The sulphur layer was reduced to form polysulphide 
rather than hydrosulphide ions. Polysulphide ions 
could diffuse into the solution before they were further 
reduced. 

Sulphate production in the positive-going potential 
scan and polysulphide production in both the positive 
and negative-going scans, have been suggested as the 
reasons for the charge imbalance [10]. 
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Fig. I. Ion chromatography apparatus. 

3.2. Thiosulphate voltammetry 

Thiosulphate is known to be a metastable oxidation 
product f rom sulphide oxidation [22, 23]. Thermo- 
dynamic calculations for the metastable sulphur-  
water system [4] predict that at pH > 7.2, thiosulp- 
hate can be oxidised to HSO3,  then $2026 - ions and 
ultimately to the stable product, SO ]-  ions: 

2SO~ + 6H + + 4e- ~$2032-  + 3H20 

E3/V = 0.6663 - 0.0887pH + 0.0296 (3) 

x log(SO~-) - 0.0148 log(S20~-) 

520 ~- 4- 2e- ~ 2SO~- 

E4/V = 0.0373 + 0.0296 log(S20~-) (4) 

- -  0.0591 log(SO~-) 

Thiosulphate ions are also predicted to be capable of  

reduction to hydrosulphide ~ions: 

$20~- + 8H + 4- !8e ---. 2HS + " ~ 2 0  

Es/V = 0.21!85 - -  0 .0591pH 4- 0.0074 (5) 

x Jo:g(S20~-) - 0.0148 log(HS-)  

Hence, the electrochemical behaviour of  thiosulphate 
ions at a gold electrode was investigated to determine 
whether their reduction occurred in the potential 
range required for polysulphide ion reduction in a 
ring-disc electrode experiment. 

A gold disc electrode was cycled between the poten- 
tial limits - 0 2 5  and 0.3V vs SHE in a solution 
containing 10 mol Na2S203 m -3 at pU 8.2; no reduc- 
tion currents were observed in addition to those ob- 
tained with the buffer solution alone. I f  'the potential 
range was increased, vol tammograms such as those 
shown in Fig. 3 were observed. In the negative-going 
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Fig. 2. Voltammogram of a gold-plated disc electrode in a borate buffer containing 10molHS m -3, nth cycle; 20mVs -t . 
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Fig. 3. Cyclic vo l t ammogram of  a gold electrode in 10mol  Na2S203 m -3 at p H  8.2. Firs t  scan at 100 mV s 1. 

scan, no reduction currents were observed until hyd- 
rogen was evolved at a potential of  - 0.7 V vs SHE. In 
the positive-going scan, an oxidation peak at 0.6 V vs 
SHE was due to the formation of  gold oxide. At 
higher potentials, 1.1 and 1.25 V vs SHE, further oxi- 
dation peaks were seen, though their magnitudes were 
approximately an order of  magnitude lower than the 
diffusion limited current calculated from the Levich 
equation, even assuming only a one electron oxidation 
(Reaction 3). 

It has been claimed that thiosulphate oxidation 
proceeds via a chemical reaction with hydrogen per- 
oxide, formed anodically at suitably high potentials 
[221. 

3.3. Voltammetry of polysulphide solutions 

Potential scans were started from the negative poten- 
tial limit, or the electrode rest potential ( - 0 . 1 7  V vs 
SHE); similar results (Fig. 4) were obtained in both 
cases. 

Aqueous polysulphide solutions always contain a 
proportion of free HS-  ions [4], and so voltammograms 
of  polysulphide and hydrosulphide solutions are very 
similar. Commencing at - 0 . 8 V  vs SHE, the first 
positive-going scan showed an oxidation pre-wave at 
around - 0 . 5 V  vs SHE, with a corresponding inte- 
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Fig. 4. Vo l t ammograms  of  polysulphide solution at a gold disc 
electrode. 1 mol  S~ m -3, xav = 2; pH8.2 ;  potential  scan rate 
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grated charge density (based on the real surface area) 
of  0 . 5Cm -2, which corresponds to the discharge of 
about 0.2 monolayers of  sulphur. Similar peaks have 
been reported previously in the voltammetry of dilute 
hydrosulphide solutions [10-13] and were attributed 
to the formation of  a gold sulphide phase at the elec- 
trode surface: 

AuS~ads) + H + + e-  ~ Au + H S -  (6) 

This oxidation peak disappeared after prolonged 
potential cycling provided the positive limit was kept 
below 0.5V, under which conditions an adsorbed 
sulphur layer is likely to have been present. Increasing 
the HS-  concentration had the effect of  decreasing the 
potential at which the phase formed, explaining why 
this oxidation peak appeared only as a shoulder on 
the hydrogen evolution current in concentrated HS-  
solutions (the adsorbed layer is thought to catalyse 
hydrogen evolution [13]). 

The main oxidation peak, which was due to the 
formation of  multilayers of  elemental sulphur, was 
observed at 0.05V vs SHE. When the electrode was 
rotated, this had little effect on the peak current den- 
sity at 1.04 A m -m, which was lower than the diffusion- 
limited value of  6 .5Am -2. Moreover, the current 
decreased as the potential was increased above 0.1 V 
vs SHE, consistent with sulphur passivation of  the 
electrode surface. However, the slight increase in the 
oxidation peak current on rotation indicated that sol- 
uble oxidation products were also produced. In the 
negative-going potential scan at a stationary elec- 
trode, the reduction currents at - 0 . 5  V vs SHE con- 
sisted of two waves, due to the reduction of  mul- 
tilayers of  sulphur (at - 0.4 V vs SHE) and the gold 
sulphide layer (at about - 0 . 5  V vs SHE). 

Figure 4 shows that the reduction of the polysul- 
phide solutions at a rotated electrode resulted in an 
increased reduction current below - 0 . 4  V. However, 
no clear diffusion-limited plateau was seen in either 
the positive or negative-going potential scans. The 
steady state diffusion-limited current density cal- 
culated from the Levich equation, assuming a dif- 
fusion coefficient of 5.2 x 10-mm2s -I [11] and a 
rotation speed of  20 Hz, is 4.2 A m -2 for a one electron 
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transfer reaction, whereas the current density at 
" 0 . 6 V  vs SHE was only 1 .8Am -2. 

If  the lower potential limit was decreased, voltam- 
mograms such as Fig. 5 were obtained. The current 
plateau at a potential of  - 0 . 9 5  V vs SHE may have 
been due to the diffusion-limited reduction of poly- 
sulphide ions: 

S, 2- + 2(n - 1)e- + n H  + ~ nHS-  (7) 

However, the observed current density of 6 5 A m  -2 
was too high to be attributed solely to this reaction, 
since the calculated diffusion-limited value is 
8.4 A m -2 for the complete reduction of all polysul- 
phide species. Thus, the major proportion of  the 
observed reduction current at - 0 . 9 5  V vs SHE was 
probably due to hydrogen evolution (EH2/H+ = 
- 0 . 4 8 V  vs SHE at pH8.2); adsorbed sulphur is 
known to have a dramatic effect on the hydrogen 
overpotential [13, 24]. Rotating the electrode 
increased the hydrogen evolution current, probably 
by dispersing adhering bubbles. The formation of  
bubbles could enhance the mass transport rates to the 
disc electrode provided its effective area was not signi- 
ficantly decreased by adhering bubbles, but would 
probably decrease the effective collection efficiency of  
a ring electrode, as has been found for double ring 
electrodes [25]. 

At a potential of  - 0 . 6 V  vs SHE, the polysulphide 
species may not be reduced completely. A lower 
potential of  about - 0 . 9 5  V produced a substantial 
hydrogen evolution current, which may be modified 
by the local HS-  and H + concentrations. Buckley 
et al. [11] showed a clearly defined current plateau at 
- 0 . 6 V  vs SHE (at pH9.2),  and claimed that the 
magnitude of  this reduction current was consistent 
with the complete reduction of all the polysulphide 
species. Nevertheless, they chose a substantially more 
negative potential in order to detect polysulphides at 
agold  ring: - 0 . 9 2  V vs SHE (unless they erroneously 
quoted the potential against SCE rather than against 

tion current is likely, and their assumption that this 
background current is constant (irrespective of surface 
sulphide concentration and pH changes) is question- 
able. 

A ring potential of  - 0.75 V vs SHE was chosen for 
detection of  polysulphides from the disc of the rotat- 
ing ring disc electrode (RRDE), though the electro- 
chemical activity of the ring electrode (even when held 
at - 0 . 7 5  V vs SHE) decayed with time. The experi- 
ment was conducted after the initial decline in activity 
had stabilised, and periodically the electrode could be 
reactivated by potential cycling. Buckley et al. [11] 
noted a similar problem, and reactivated the electrode 
by pulsing to a highly positive potential. This deacti- 
vation suggests that sulphur was still adsorbing onto 
the electrode surface, even at these low potentials, 
implying that the polysulphides may not be reduced 
under mass transport control at the ring electrode. 
Figure 6 shows the ring and disc currents in response 
to the disc potential was swept from - 0.75 to 0.3 V vs 
SHE. 

At the disc electrode, a small oxidation peak due to 
gold sulphide formation at - 0.53 V vs SHE was seen 
in the positive-going scan, and the major oxidation 
peak was seen at 0.065 V vs SHE, as found previously 
(Fig. 2). The integrated charge under this latter peak 
was 358 mC, which corresponds to 2-3 monolayers of 
sulphur. At the ring electrode, little response was 
observed to the positive-going disc electrode potential 
scan; the reduction current increased slightly, reaching 
a maximum value of  - 2 mA. Assuming that this was 
due to polysulphide reduction (Reaction 6), and that 
the polysulphide ions were produced at the disc, the 
corresponding disc oxidation current would be 
l l . 8mA,  which represents only about 5% of the 
peak oxidation current at the disc, and supports the 
hypothesis that polysulphides are oxidized rapidly at 
a gold electrode to form elemental sulphur [11]. 

On the negative-going sweep, an increasing disc 
electrode reduction current was recorded at potentials 

SHE),~ At this potential a substantiakhydrogen evolu~. < -~:0:3 V vs SHE. Af ter  subtraction of the hydrogen 
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evolution charge, the integrated charge passed in the 
negative-going scan was 200 mC. This included a com- 
ponent which is due to the reduction of  the gold 
sulphide surface phase for which Buckley et al. [11] 
quoted a value of 0.9 C m -z, corresponding to 45 mC 
on the experimental surface area. Therefore, the 
charge passed in reducing the multilayer sulphur, Qd 
was 155 mC, which was 43% of  the charge passed to 
form the sulphur. 

During the negative-going disc electrode potential 
scan, a ring electrode reduction current was observed 
to reach a maximum at a disc potential of  - 0 . 535  V 
vs SHE. This current resulted from the reduction of  
polysulphide ions from the disc; if the electrode was 
stationary, no reduction currents were observed. 
There are two possible ways in which these polysul- 
phide ions can be produced: from the electrochemical 

reduction of adsorbed sulphur by Reaction 8, or from 
the chemical dissolution of  sulphur in HS-  solutions 
by Reaction 9. 

nS + 2e- ~ S]- (8) 

nS + nHS-  + nOH-  ~ S 2- + nH20 (9) 

At a disc potential of  - 0 . 1 5  V vs SHE, no current 
flowed at the disc, yet an increased reduction current 
of  about 2 mA was observed. This must have been due 
to the production of  polysulphide ions by chemical 
dissolution of  the sulphur layers by Reaction 9. An 
estimate of  the current due to polysulphide produc- 
tion due to the electrochemical reduction of sulphur 
can be gained by subtracting this 2 mA from the ring 
reduction currents observed at a lower disc potential. 
The integrated charge (Qr) due to the reduction of 
electrochemically-produced polysulphide, was found 
to be 21.2mC. 

If  it is assumed that: 

(i) all the sulphur was reduced at the disc electrode to 
form polysulphide ions by Reaction 8, 
(ii) polysulphide ions reaching the ring electrode were 
fully reduced to HS-  ions by Reaction 7, then the ratio 
of  the two charges will be given by: 

NQd/Qr = ( n -  1) -1 (10) 

where N is the ring collection efficiency. The average 
polysulphide chain length (n), calculated from Equation 
10forQd = 155mC, Qr = 2 1 . 2 m C a n d N  = 0.17, is 
n = 1.8. 

In a similar analysis, Buckley et al. [11] calculated 
that the polysulphide had n = 3.3 at the lower con- 
centration of 0.2mol HS-  m -3 at pH9.2.  It can be 
concluded that in both cases the reduction product is 
likely to contain a mixture of polysulphide species. 
This is not unexpected, since different polysulphide 
species are predicted to predominate as the potential 
range was scanned (Fig. 4a in [4]). 

The reduction of the sulphur layers was found to 
correspond to 155 mC, and if this resulted in the for- .  
mation of a polysulphide of  average stoichiometry S~.8, 
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Fig. 7. Gold ring-disc electrode potential pulse response in 10 tool HS- m -3 at pH 9.3; co = 9 Hz. 
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the sulphur must have been deposited with the passage 
of 279mC. For E < Es/s~-, previously deposited 
sulphur could also have dissolved chemically to form 
more polysulphide ions. Over the time span of the 
deposition of the sulphur (about 8 s) a reduction cur- 
rent at the ring of 2 mA was observed due to the 
reduction of these polysulphide ions. Thus, at the ring 
electrode a further charge of 16mC was passed. 
Assuming a collection efficiency of 0.17, the amount of 
sulphur dissolved would have required the passage of 
16/0.17 = 94 mC for its production at the disc. Thus, 
in total, 279 + 94 = 373 mC would be expected to 
have been passed on the anodic scan, which is in 
approximate agreement with the observed anodic 
charge of 358 mC. Therefore, the charge imbalance at 
the disc can be attributed to the production of poly- 
sulphides in both the positive- and negative-going 
scans; little or no sulphoxy species must have been 
formed. 

In the above analysis, it is strictly legitimate to use 
ring and disc charges, rather than currents, only when 
the collection efficiency and ,the composition of the 
intermediate species remain constant as the disc poten- 
tial is scanned. A constant collection efficiency requires 
that the redoction of polysulphide ions at the ring 
always operates under mass transport control, irres- 
pective of the polysulphide flux over the ring. The 
nature of the polysulphide ions that are produced 
from sulphur reduction are likely to vary with poten- 
tial, and so the above calculations will only lead to an 
average value for the chain length of the polysulphide. 
Results from potential step experiments at the RRDE 
can provide a more accurate estimate of the polysul- 
phide produced at a particular reduction potential. 

Potential step experiments also confirmed that poly- 
sulphides were produced during the formation and 
reduction of elemental sulphur. The experiments were 
conducted in deoxygenated solutions containing 
1 0 m o l H S - m  -3 at pH9.3. The ring potential was 
maintained at - 0 . 7 V  vs SHE throughout, and the 
disc potential was stepped from this to a more positive 
value for 4s, and then stepped back to - 0 . 7 V  vs 
SHE. The experiment was repeated, with and without 
electrode rotation, for different values of the disc 
potential step. The resulting current response is shown 
in Fig. 7. 

The potential step to 0.0 V vs SHE was sufficient to 
form multilayers of elemental sulphur, and a small 
reduction current resulted at the ring due to the detec- 
tion of polysulphides. When the potential was pulsed 
back to - 0 . 7  V vs SHE, the sulphur at the disc was 
reduced, and an increased reduction current was 
observed at the ring. The ratio of ring to disc currents 
were lower than those expected for the production of 
a polysulphide on average chain length 1.8. This 
suggested either that less polysulphide was produced 
(a calculation of the average chain length gave 
n = 1.1) or that the ring electrode had become 
deactivated. The ratio of ir to ia rose rapidly in the first 
250ms following the potential pulse, thereafter 
remaining approximately constant at about 0.025. 
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Fig. 8. Gold ring-disc electrode voltammetry in 1 krnolHS + 
lkmol NaOHrn-3; co = 4Hz, nth scan; potential scan rate 
20 mV s- 1 ; ring potential = - 0.90 V vs SHE. 

The reduction of the sulphur layers when the potential 
was pulsed to - 0.7 V vs SHE, resulted in the produc- 
tion of a smaller proportion of polysulphide ions than 
was observed in the potential sweep experiments. 
However, the nucleation and growth of the sulphur 
will differ in the two cases. The decoupling of the 
faradaic and non-faradaic components of a disc elec- 
trode current by analysis of the time-dependence of 
the ring electrode response, has been reported [26], but 
was not attempted in this more complex system. 

If  the disc potential was stepped to potentials below 
that at which multilayers of sulphur can form, i.e., no 
more positive than -0 .1  V vs SHE, no current res- 
ponse was seen at the ring electrode. When the disc 
potential was stepped to 0.1 and 0.2 V vs SHE, higher 
ring currents were seen while the disc was held at these 
potentials, indicating that higher concentrations of 
polysulphides were formed. 

In a highly alkaline concentrated solution of HS- 
ions, the chemical dissolution of sulphur by Reaction 
9 is favoured. A ring-disc electrode response in a 
solution of 1 kmol Na2S.9H20 + 1 kmol NaOH m -3 
showed that the polysulphide species could be detected 
in the positive-going scan, as shown in Fig. 8. Although 
a polysulphide reduction current was still detected on 
the negative-going (disc potential) scan, the largest 
current was seen during the positive-going scan. On 
relaxing the anode potential to < Es/s~-, previously 
deposited sulphur was dissolved by the high concen- 
trations of HS-  ions flowing over the electrode sur- 
face, giving rise to an increasing net oxidation current 
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Fig. 9. Ion chromatogram of polysulphide solution, pH 9.2. 

with decreasing potential and producing polysulphide 
ions which were reduced at the ring electrode. 

3.4. Detection of polysulphides using ion 
chromatography 

The feasibility was investigated of detecting polysul- 
phide ions using ion chromatography, since although 
they absorb in the u.v.-visible spectral range, spectro- 
photometry cannot be used routinely, as other com- 
ponents of a Stretford Process solutions absorb in the 
same spectral region. 

The polysulphide activity-potential diagram for 
pH 9.2 (Fig. 4a in [4]) showed that only three solution 
species, $42-, S~- and HS-  ions, were important in 
polysulphide mixtures. An injection of polysulphide 
solution resulted in the detection of three peaks, as 
shown in Fig. 9. The peak heights of the second and 
third peaks (those two peaks having the longest reten- 
tion times) correlated well with the calculated concen- 

trations of S 2- and S~- ions. However, the response of 
the first peak, which was assigned to the HS- ion, was 
larger than expected. This suggested that dispropor- 
tionation occurred as the sample traversed the column. 

4. Conclusions 

Oxidation of HS- ions at pH 9.3 has been shown to 
produce a sub-monolayer of adsorbed sulphur on a 
gold electrode at low potentials ( -  0.4 V vs SHE), and 
multilayers of sulphur at higher potentials (0.05 V vs 
SHE). Associated with the formation of elemental 
sulphur is the production of polysulphide anions, S, 2- 
(n = 2 to 5), which can also be produced by the 
dissolution of the initial sulphur layer. The production 
of such polysulphide species accounted for the differ- 
ence in charge between the positive and negative- 
going scans, without the need to invoke the anodic 
formation of sulphoxy species. 

On reduction of the sulphur layers, polysulphide 
ions were produced, which were detected at the ring of 
a rotating ring-disc electrode. By a comparison of the 
charges passed in the production of these ions from 
elemental sulphur, and their reduction to HS- ions, an 
estimate of the average polysulphide chain length was 
calculated to be 1.8, indicating that a mixture of poly- 
sulphides was produced. This is consistent with thermo- 
dynamic predictions which show that a number of 
polysulphides can exist in solution at comparable con- 
centrations at any given potential. 

Ion chromatography was investigated as a means of 
detecting polysulphide ions in solution, but dispropor- 
tionation of the polysulphide species as they traverse 
the ion exchange column and the air-sensitive nature 
of the solutions made the method unsuitable for 
routine use. 
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