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The adsorption of thiosulfate on a platinum electrode was measured at the open circuit pof
A monolayer of the adsorption products covers the electrode at lower thiosulfate concentratior
charge used up during the reduction of the monolayer roughly corresponds to 0.5 electron per
site (e.p.s.), the charge used up during the oxidation of the monolayer after reduction corre
approximately to 4 e.p.s. Multiple adsorbed layers, which are presumably constituted mainly |
sorbed sulfur, build up at higher thiosulfate concentrations. The amount of the adsorbed sul
increases with increasing thiosulfate concentration and time of adsorption. Desorption from tf
face coated by multiple layers can take place in supporting electrolyte solution. The build-
multiple adsorbed sulfur layers also takes place during adsorption from solutions of colloidal <
Key words: Electrochemistry; Multilayers of adsorbed sulfur; Colloidal sulfur; Reduction to dithior
Oxidation to dithionate.

The adsorption and electrochemical oxidation of sulfur compounds on platinum
trodes has been attracting interest, attention being mainly centered on sulfur'dbpox
sulfané13 thioured*16 and cystine or cysteih€?? Few papers have dealt with th
electrochemical oxidation of thiosulfate at platinum electrodes.

Konopik and Holzinget?2investigated the reduction of thiosulfate in a@.NaOH
solution at a platinum electrode and observed the formation of identical quantiti
S?~and S@ ions. Glasstone and Hicklif**examined the anodic oxidation of thic
sulfate to tetrathionate and sulfate, and obtained tetrathionate in the highest yie
platinum electrode in slightly acid or neutral solutions at a relatively high current
sity. Voltammetric curves using a rotary platinum wire electrode were recorde
Kuzmina and Songirfd, who assume that in a weakly acid solution, thiosulfate is
idized to elementary sulfur, whereas sulfur converts to sulfate. In neutral solu
thiosulfate is oxidized to tetrathionate and dithionate. Klefenmggested that,8%
is oxidized to gOg~ by free hydroxyl radicals created at the anode during the disch
of the OH ions. Previously it was supposed that thiosulfate is oxidized by ox3/fer
or hydrogen peroxidé?*forming at the anode.
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No very recent papers dealing with the adsorption and electrochemical oxidati
thiosulfate on a platinum electrode can be found in the literature, and data of the
ture of adsorbed thiosulfate as examined by non-electrochemical methods are als
ing. From among related substances, only the structure of sulfur dioxide adsorbet
an acid solution on a platinum electrode has been investigated by in situ infrared
troscopy. The authors of that paper suggest that the oxidation of sulfur dioxic
accompanied by formation of,&" as the intermediate product; the formation of
sorbed sulfur at cathodic potentials is assumed.

Although the anodic oxidation of thiosulfate at platinum electrodes has been ¢
ined and various mechanisms have been suggéstédhe studies were not based on
deep insight into the adsorption of the substance on platinum. Gaining such insigl
the aim of the present work.

EXPERIMENTAL

The measurements were performed in¥.BH,S0,, prepared from the concentrated acid of reagent gr
purity and redistilled water. Thiosulfate and sulfite solutions were obtained by dissolving s@DNax
Na,SO,; of reagent grade purity in redistilled water or in @.5,S0,. Oxygen was removed from the solt
tions by nitrogen purging.

Details of the electrodes and instrumentation used have been given pré¥iously

Prior to each measurement, the electrode was activated by applying cathodic and anodic
betweenE = 1.5 and 0 V at a rate of 0.5 V*gor 20 min. The electrode activity was assessed ba
on the charge used up for the oxidation of adsorbed hydrogen before and after the meast
During the measurement, the activity so assessed never deviated from the average value m
by 5%.

Absorbance measurements were accomplished on a Spekol 11 spectrophotometer (Zeiss, .

All potentials reported here refer to the hydrogen electrode im H5SO, at 25°C.

The adsorption and oxidation of thiosulfate was examined by evaluating voltammetric cun
by measuring the charge used up during the oxidation of the adsorbed product in the supportir
trolyte solution.

Voltammetric Curves

Following electrode activation in 018 H,SO, supporting electrolyte solution, the concentration w
adjusted by adding a fresh solution of thiosulfate or sulfite. Oxygen was removed by nitrogen pt
nitrogen feed was discontinued, and the solution was allowed to stand. The voltammetric cur
recorded between potentials of 0 and 1.5 V.

Adsorbed Product Oxidation and Reduction

The procedure was as shown schematically in Fig. 1. The electrode was first activated as de
above. When changing the potential in the positive direction, the potential was stopped at a
lected valueE,, the electrode was removed from the vessel, rinsed thoroughly with oxygen-fre
distilled water, and submerged in the solution examined, which had also been freed from oxy;
this solution the electrode was left for the adsorption tigaeluring which the system was nitroge
purged vigorously. Subsequently, the electrode was rinsed thoroughly with approximately 20
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oxygen-free redistilled water and engaged in the electric circuit at the potéptiat which it was
kept for the desorption timg,. During this desorption the solution was stirred continuously exc
for the last 15 s. Subsequently, the electrode potential was changed to 0 V at a rate of0.:
(cycle 0) and further cycled periodically between 0 and 1.5 V (cycles 1,.2, &, the same rate.

RESULTS AND DISCUSSION

Figure 2 shows the current vs potential plot for potential cycles between 0 and 1.
0.2 V s. The dashed line was obtained in the supporting electrolyte solutiaon ¥,S0,),
curvesl andZ2 correspond to the supporting electrolyte to whicha@; and NaSGO;,
respectively, had been added to reach a final concentration of £ maD L. The
curves were recorded after attaining the steady state.

The voltammetric curve for sodium sulfite (curZeexhibits oxidation peaks at O.
and 1.2 V, a not very marked reduction peak at 0.15 V, and a pronounced red
peak at 0.07 V. All of the peaks grow in intensity if the solution is stirred. Sim

Fe. 1
Schematic of the time behaviour o
the electrode potential for monitoring
the oxidation of the adsorption pro
ducts;t, time of adsorptionty time of

t, min desorption, numbers denote cycles
1.2+ .
[p, MA
0.8+ .
0.4} .
0.0
Fic. 2
o4l | Steady-state current curves in depen
’ ence on time for N&,0; (1) and
o8l i NaZSOg, 2 Eit. a concentration _of
1.10°mol I'"in 0.5m H,SO;,. Peri-
1oL ] odic potential cycle rate 0.1 Vs un-
L L L L stirred solution; dashed line 0.5

0 04 08 gy 12 H,S0,
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curves have been obtained previotidlyThe voltammetric curve for thiosulfate (curge
displays a single oxidation peak at 1.2 V, nearly identical with that of sulfite.
reduction peaks of thiosulfate are considerably lower than those of sulfite.

The charge used up to oxidize adsorbed hydrogen gives evidence that a kind
sorption which eliminates completely that of hydrogen takes place in the solutio
both thiosulfate and sulfite. In the two voltammetric curves the surface platinum ¢
reduction peak is substantially lower than as obtained in the supporting electrolyt
ution.

Decomposition to elementary sulfur and sulfite is characteristic of thiosulfate
tions. No haze due to the presence of colloidal sulfur in the solution was observed
recording the voltammetric curve in a-#® solution of NgS,0;in 0.5M H,SO,. To
test the decomposition of thiosulfate, the concentration dependence of absorbanc
solutions in 0.9v H,SO,was investigated. The absorbance at 530 nm was meas
10 min after mixing the thiosulfate solution with sulfuric acid. The dependence, w
is shown in Fig. 3, gives evidence that the decomposition does not take place
concentrations (about 1mol Y). The fact that the voltammetric curve for the 1310
solution of thiosulfate in 0.5 H,SO, does not exhibit any oxidation peak at 0.6 V al
indicates that no appreciable decomposition to elementary sulfur and sulfite ions
in this solution. Haze due to colloidal sulfur starts to be apparent at a thiosulfate
centration of 3 . TG mol I

In line with these results, Kuzmina and Song®raport the decomposition of thio
sulfate in 1M H,S0O, at concentrations exceeding-itol I,

Oxidation of Adsorbed Product in Supporting Electrolyte Solution

Oxidation of the adsorbed product was examined as described in Experimenta
gradual oxidation of the product adsorbed from a 3-3 mOsolution of thiosulfate in

0.16 T T
A

0.12 7
0.08 - 7

0.04 - 1

Fic. 3
Dependence of absorbance at 530 nm on sodium /
thiosulfate concentration in 0.51 H,SO, 000 : : :

! ) ) 1 2 3 4
measured 10 min after solution preparation c. 103 mol It
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redistilled water is shown in Fig. 4. The adsorption and desorption pejj@ix ty
were 20 min and 1 min, respectively, the potential as 0.4 V. Seven cycles wer:
required for a complete oxidation of the adsorbed product; only in the eighth cyc
voltammetric curve was identical with that of the platinum electrode in suppo
electrolyte.

When varying the potential from 0.4 to 0 V (cur@g a cathodic peak appeared
0.155 V. There are two feasible explanations of this phenomenon:

In addition to sulfur atoms, the adsorbed product also contains oxygen atoms
product undergoes reduction in the hydrogen region and the oxidation state of st
reduced from the initial value of II.

The other explanation is based on the reduction of the difficult-to-reduce oxyge
explanation of this term see rf. A similar cathodic peak has been obsefvied
sulfur adsorbed on platinum at approximately 0.07 V (30\rate).

Figure 4 also documents that the charge used up in the hydrogen adsorption rz
the individual cycles is higher than that used up during the oxidation of the ads
hydrogen. This effect, referred to as the reduction effect, has been observed prev
and can again be ascribed to the reduction of species arising from the oxidat
reduction of the difficult-to-reduce oxygen.

The charges used up during the following processes were measured fon-éach
cycle: oxidation of adsorbed hydrogen between potentials of 0 and @)V ¢xida-
tion of the adsorbed product and formation of surface platinum oxide between f
tials of 0.4 and 1.5 V@?Y); reduction of the surface oxide between potentials of 1.5
0.4 V (QY); and adsorption of hydrogen and the above cathodic process between
tials of 0.4 and 0 VQ}).

In the Coulomb balance, the charge was calculated as
k

Qo= Y- - (- QD) - &
n=1

081
Ip, MA
041

0.0

FG. 4
Currentvs potential plot for platinum
: electrode coated with the product c
adsorption from a 3 . I®wm solution
of N&aS,03in 0.5m H,SO,; ty = 20

o8 . \ 7T min, ty= 1 min,E, = 0.4 V, potential
1 1
0 0.4 08 1.2 cycle rate 0.2 Vg, numbers denote
E V cycles
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The chargeQ,, does not include the cathodic process in cathodic cycle 0 and c
sponds to the charge required to oxidize the adsorbed species after cathodic c
Measured in mC, this charge is given relative to the charge used up during the &
tion of hydrogen on the uncoated surface of the platinum electrode and correspc
the number of electrons per hydrogen-adsorbing surface site (e.p?9), ref.

Based on a series of measurementsQheand Q3 — Q9 values were found to be
3.90+ 0.21 e.p.s. and 0.440.04 e.p.s., respectively. The charges remain virtually
changed if the measurement is performeH,at 0.7 V. The values can be explained
two ways:

In the first concept, theQ§ — Q9) charge corresponds to the reduction of the di
cult-to-reduce oxygen: the value obtained in’rift the electrode completely covere
with sulfur was 0.35 e.p.s., which approaches the above value of 0.44 e.p.s. Th
sequent oxidation of the adsorbed product then proceeds as described by the fol
equation:

(508 )aas* 5HO=2SG +10H +8e. 0

If one adsorbed particle blocks two platinum surface sites, Gher 4 e.p.s. This
concept is based on the assumptions that (i) difficult-to-reduce oxygen was pres
the subsurface platinum layers before the adsorption of thiosulfate, (ii) adsorpti
thiosulfate brings about changes in the surface properties of the platinum ele
enabling the difficult-to-reduce oxygen to reduce within the hydrogen region, anc
the oxidation of the species arising from the adsorption of thiosulfate is not asso
with a restoration of the difficult-to-reduce oxygen.

In the other concept, the adsorption of thiosulfate takes place at the open
potential without any change in the oxidation state. The adsorbed thiosulfate iol
ticle blocks two surface sites, and in cycle 0 the sulfur in the thiosulfate is reducec
the oxidation state Il to 1.5. The charge corresponding to this reducti@fisQ9) =
0.5 e.p.s., approaching the observed value of 0.44 e.p.s. This reaction can be,
stance,

2 (08 )aust 4 H' + 2 € = 2 G4+ ($07 )ags* 2 HO ®)

Within this reaction, sulfur transforms from the oxidation state Il to the oxidation sta
(adsorbed sulfur) and Il (adsorbed dithionate anion). The average oxidation statt
the reduction then is 1.5.

The formation of adsorbed sulfur on a platinum electrode has also been obser
infrared spectroscopy at cathodic potentials in sulfur dioxide soldtions
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The oxidation of the adsorbed species during the subsequent cycles follows tt
terns:

St 4HO=HSQ+7H+6e¢ ©

and

($;07)agst 2 H,O = S05 +4 H + 4 e 0)

The two reactions are associated with a ch&ge= 4 e.p.s., which approaches tt
observed value of 3.90 e.p.s.

Oxidation to dithionate anions is also assumed by Korzenienski and coviddker
sulfur dioxide adsorbed on a platinum electrode.

The adsorption of thiosulfate can be associated with a splitting of the ion, givin
to adsorbed sulfur (blocking one surface site) and adsorbed sulfite ion or sulfur di
(also blocking one surface site). The experimental results, however, do not allow
make an unambiguous conclusion concerning the structure of the adsorbed spec

Many substances are adsorbed in such a manner that the electrode surface ¢
pable of adsorbing hydrogen are blocked. As the amount of adsorbed substar
creases, the charge used up for the oxidation of hydrogen decreases while the
used up for the oxidation of the adsorbed product increases. The adsorption p
takes place until all surface sites are blocked. The adsorption of hydrogen is then
completely suppressed and the charge used up for the oxidation of the adsorbed |
reaches its limiting value. In thiosulfate solutions the adsorption follows different
terns. Although the platinum electrode surface is coated by the adsorbed product
the adsorption of hydrogen is nearly completely suppressed, the charge used up
oxidation of the adsorbed product continues to grow with extending time of adsaxptic

The dependence of the chai@g, of the time of adsorptiot) is shown in Fig. 5 for
thiosulfate solutions in redistilled water at concentrations of 0.1 MoDI3 mol t2,
and 1 mol t* (curves 3, 2, and 1, respectively). The desorption tintg was 1 min,
potentialE, (Fig. 1) was 0.4 V. Hydrogen adsorption was completely suppressed
magnitude of the charg®,, suggests that multiple adsorbed layers were formed.
changes in the$ - Q?) charge were observed when examining@evst, depend-
ence: the average value for all measurements shown in Fig. 5 was 0.88 e.p.s.
IncreasingQ,, charge is associated with a growing number of cycles necessary
complete oxidation of the adsorbed product. The higBgstalue reached was 21.6 e.p.
in which case 25 cycles were required to completely oxidize the adsorbed pre
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Figure 5 documents that tlig, charge is strongly dependent on the thiosulfate conc
tration in solution.

This dependence is shown in Fig. 6. At lower concentrations the charge was vir
constant, approaching 4 e.p.s., but increased appreciably at higher concentratior
(Q9% — Q9 charge was virtually unaffected by the thiosulfate concentration an
average value was 0.440.07 e.p.s.

The amount of the adsorbed substance, as expresste charg€,,, also depends
on the time of desorptioty, as shown in Fig. 7 for thiosulfate solutions in redistill
water at concentrations of 1 mof,10.5 mol t%, and 0.3 mol+ (curves1, 2, and 3,
respectively); the time of adsorption was 20 min, poteligt 0.4 V. The amount of
the adsorbed substance decreased first very rapidly to approach asymptotically
stant, steady-state value of approximately 6 e.p.s., which seems to be identical
curves.

During the desorption measurements, tQ€ - Q9 charge was found to decrea:
with increasing time of desorptidp.

The results can be interpreted so that at lower thiosulfate concentrations the &
tion is associated with no change in the oxidation state (which is Il), and a single
is formed. Each adsorbed particle blocks two surface sites, and reduction by or

30 T T T

QOX
Fic. 5 e.p.s.

Dependence of charg®,, used up 20 L / i
during the oxidation of the adsorption .

product on time of adsorption. Ad-
sorption without external polarization,
time of desorptionty = 1 min, E, = 10
0.4 V. Sodium thiosulfate concentra- H
tion (mol M): 1 1, 2 0.3, 3 0.1. o
Charge corresponding to one electron 0 0 15 _
per surface site: 0.3461 mC Ly, min

30 T T

QOX

e.p.s.

|
Fic. 6 20 H |
Dependence of charg®,, used up /
during the oxidation of the adsorption o
product on the sodium thiosulfate .
concentratiort (in mol I'Y). Adsorption 10 [ A
without external polarization, = 20 min, 4
to = 1 min, E5 = 0.4. Charge corre- —.-—-o-—-'—f‘:———-—
sponding to one electron per surface o ! I I
site: 0.3461 mC =3 -2 -1 joge O
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oxidation degree (0.5 e.p.s.) occurs in the hydrogen region during cycle O; this i
sistent,e.g, with Eg. B). Oxidation of the monolayer requires a charge of 4 e.
according to Eqs@) and D).

During the adsorption at the open circuit potential at higher concentrations, rea
occur within which additional layers build up on the initial monolayer. The dee
lying layer(s) are presumably formed by adsorbed sulfur, the last layer at the elect
electrolyte interface also contains species involving oxygen atoms and thus can
ably be reduced in the hydrogen region.

The additional adsorbed layers do not seem to be bonded so strongly as the fi
can be desorbed. If the desorption period is long enough, only the monolay
strongly adsorbed sulfur remains on the electrode. A charge of 6 e.p.s. is requi
oxidize this monolayer according to Eq)( The results obtained do not allow ar
more detailed description of the composition of the layers and their mutual reacti

An experiment examining the adsorption from a solution of colloidal sulfur was
ried out to test the possibility of adsorption of sulfur in multiple layers. The solu
was prepared by combining a sodium thiosulfate solution and a sulfuric acid so
(both were oxygen-free) so that the resulting concentration of thiosulfate was 0-1imo
0.5M H,SO,. The adsorption was measured 30 min after mixing the solutions, t
the procedure shown in Fig. 1. The parameters were as follgws min,ty = 1 min,
E, = 0.4 V; the solution was allowed to stand without stirring during the adsorp
The voltammetric curves describing the oxidation of the adsorption products inc
that the adsorption of hydrogen was suppressed completely and no cathodic curre
recorded in the hydrogen region during cycle 0. The voltammetric curve became
stant after 35 cycles. This steady-state curve is shown as a dashed line in Fic
which the solid line is the voltammetric curve of the initial platinum electrode in
supporting electrolyte. The charge used up during the oxidation of the adsorbe
drogen for curve corresponds to 69% of the initial electrode surface (c@yvbence,
only 69% of the surface was freed from the adsorption products. However, the c
used up during the adsorption of hydrogen and the discussed cathodic process

30 T

Qox
e.p.s. |
20 _.1 i Fic. 7
\ Dependence of charg®,, used up
\20. during the oxidation of the adsorptiol
10 "g,\. product on the time of desorptidp.
‘o‘j  ——— o | Adsorption without external polariza-
e e B R tion, ty = 20 min, E, = 0.4. Sodium
thiosulfate concentration (mof¥): 1 1,
0 0 1|o 2‘0 20.5,30.3. Charge corresponding t

one electron per surface site: 0.3461 n
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hydrogen regionQ 3° corresponds with the charge used up during the adsorptic
hydrogen on the electrode surface free from the adsorbed substance. The shap
voltammetric curve remained intact on a short-time (10 min) action of a mixtut
K,Cr,0O;and concentrated sulfuric acid followed by activation. The initial curve sh
corresponding to the completely free electrode surface, was only restored if the
ing mixture was allowed to act for a longer period of time (24 h).

The Q,, balance was only performed for the starting five cycles because
sequently the shape of the voltammetric curves changed only slightly and the b
for all of the 35 cycles would involve too large an error. Thecharge for the starting
5 cycles was 13.32 e.p.s.

CONCLUSIONS

The results obtained lead to the following conclusions:

The amount of hydrogen adsorbed on the platinum electrode decreases due
adsorption of thiosulfate.

There is an analogy between the oxidation of the thiosulfate adsorption produc
sorbed sulfur, and adsorbed sulfur dioxide.

A monolayer of the adsorbed product forms at lower concentration3 rtd 1)
and the product reduces within the hydrogen region. The charge used up duri
reduction is approximately 0.5 e.p.s., whereas the charge used up during the ox
of the reduced layer is roughly 4 e.p.s.

Multiple adsorption layers build up at higher thiosulfate concentrations. The
layer on the electrode surface probably contains adsorbed sulfur, the additional
seem to involve species containing oxygen atoms, reducible in the hydrogen r
The adsorption layers are partly desorbed in the supporting electrolyte solution.

Adsorption from a colloidal sulfur solution results in the formation of multiple lay
of adsorbed sulfur, which can be very difficult to remove from the electrode surfa

Ip, MA
0.4

0.0

Fic. 8
Steady-state currents potential plot;1 ba-
seline of the activated platinum electrod®, |
voltammetric curve of the platinum electrod®®
coated with adsorbed colloidal sulfur after
35 cycles. Electrolyte: 0.8 H,SO,, periodic ! ! ! !
potential cycle rate 0.2 V5 : EvV
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