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Abstract

The kinetics of the electrochemical oxidation of sulfide ions in salt water were studied using rotating graphite disc
electrodes, polarization techniques, Electrochemical Impedance Spectroscopy (EIS), X-ray Photoelectron Spec-
troscopy (XPS) and Electron Dispersion Spectroscopy (EDS). Elemental sulfur was shown to be the final product
under various temperatures, potentials and times of electrolysis, in amounts that increased with increase in the
above variables. The rate of the process is controlled by electron transfer across the interface, while diffusion in the
electrolyte has only a modest effect. The apparent reaction orders with respect to the sulfide concentration and pH
are 0.60 and 0, respectively. The proposed overall reaction is: HS�ðaqÞ ! SþHþ þ 2e; while the rate determining
step is: HS�ðaqÞ ! HSads þ e: The charge transfer coefficient is aa = 0.23 and the standard rate constant at the
equilibrium potential is k� ¼ 2:2� 10�7 cm s)1. The degree of coverage of the electrode with sulfur and the
polarization resistance of the interface increase, while the current decreases, with the time of electrolysis as more
sulfur is deposited on the electrode surface.

1. Introduction

Hydrogen sulfide is a dangerous toxic material [1] which
contaminates many industrial water streams and natural
water bodies. A prominent example is the massive
volumes of geothermal brines that are encountered in
the drilling of wells for production of oil and natural gas
[2, 3] and for the recovery of geothermal energy. The
control of H2S in oil production is achieved by raising
the pH of the brines to about 10, followed by injecting
scavengers [3–8], which precipitate H2S as heavy ion
sulfides, oxidize it to elemental sulfur or to other soluble
species. Depending on the volume of production, a
particular field may require hundreds of tons of scav-
engers per month, which entails enormous cost and
exerts a heavy toll on the environment. Furthermore,
the precipitated sulfides and elemental sulfur are dis-
persed in the drilling fluid to serve as substrates for the
sulfate reducing bacteria that regenerate hydrogen
sulfide. Hence, the treatment with scavengers provides
only a temporary relief from the problems posed by
H2S. The removal of H2S from these fluids is much more
advantageous than its oxidation or precipitation within
the brine.
Electrochemical oxidation is one of the approaches

that aim to remove hydrogen sulfide from brines [9, 10]
and from tannery waste water [11–13]. This approach

can achieve the objective using electrons instead of
chemicals and hence can provide the basis of an
environmentally sound method of treatment. The
anodic oxidation of sulfide ions is also important for
the utilization of hydrogen sulfide in fuel cells [14], the
electrochemical treatment of white liquar [15], the use of
the sulfide/polysulfide redox couples in energy storage
[16], the behavior of electrochemical oscillators [17] and
for the sensing and electroanalytical determination of
sulfide ions [18–21]. The process is complicated by the
high reactivity of sulfur and the many oxidation states
that it assumes under various conditions [22–25].
The objective of this work is to elucidate the rate

processes involved in the anodic oxidation of sulfide ions
and to determine the kinetic parameters. Measurements
were obtained on rotating disc electrodes, which provide
for well defined hydrodynamic conditions at the elec-
trode surface [26].

2. Experimental

Measurements were performed using Gamry (PC4/750
Potentiostat/Galvanostat/ZRA) and an EG&G rotating
disc electrode assembly (model 636). The potential was
scanned from cathodic towards anodic potentials. A
double jacketed polarization cell (�100 ml) was used

Journal of Applied Electrochemistry (2007) 37:395–404 � Springer 2006
DOI 10.1007/s10800-006-9270-4



with an Ag/AgCl reference electrode (E = 0.197 V
(SHE)) and a platinum wire counter electrode. All
potentials are reported against this reference electrode.
After prolonged use in the sulfide polluted media,
several of those platinum wires were broken. Electro-
chemical impedance (EIS) measurements were per-
formed using an IM5d impedance analyzer (Zahner
Electrik GmbH & Kronach, Germany).
Electrodes were prepared in the form of graphite rods.

The cross sectional area of the rod (0.28 cm2) served as
the working electrode. The other surface was coated
with Araldite. This eliminates the possibility of reaction
on the side surface of the rod. The exposed surface of
each electrode was polished successively down to 0.3 and
0.05 lm alumina. All measurements were performed in
an electrolyte of 3.5% (0.58 M) NaCl containing differ-
ent concentrations of sodium sulfide. This supporting
electrolyte maintains the ionic strength of the electrolyte
nearly constant despite the changes in the sulfide
concentration (from 0.001 to 0.01 M) and hence mini-
mizes double layer effects on the kinetic parameters. In
view of the values of pK1 and pK2 of H2S (7 and �14,
respectively), the predominant species in this electrolyte
is HS) at pH values from 9 to 12. The test solutions were
prepared from deionized water, NaCl (BDH) and Na2S
(BDH). The concentration of sulfide ions was deter-
mined iodimetrically. The electrolytes were deaerated by
bubbling argon for 25 min before testing. The electrode
surfaces were examined using a scanning electron
microscope (JSM-6300 JEOL) and an X-ray photoelec-
tron spectrometer, FISONS Instruments, Model ESCA
– Lab 200 (VG Instruments). The temperature of the test
electrolyte was controlled by flowing hot water around
the cell through its double jacketed walls.

3. Results

3.1. Polarization curves

Figure 1 illustrates a potentiodynamic polarization
curve obtained in a medium containing 0.58 M
NaCl + 0.005 M Na2S (pH = 11) at a rotation speed
of 5000 rpm, a voltage scanning rate m = 100 mV s)1

and 25 �C. The figure shows the results of three runs
superimposed on each other to reveal the reproduc-
ibility of the measurements. A large number of these
curves were measured under different voltage scanning
rates, electrode rotation rates, sulfide concentrations
and temperatures. As the potential becomes more
noble, the anodic current increases. This indicates that
the reaction is promoted by the potential, which reveals
that the overall rate of the process is affected by charge
transfer across the interface. It is shown below that the
process is also affected to a smaller extent by diffusion
of the sulfide ions in the aqueous phase. The current
increases with potential reaching a well defined limiting
value, iL, which remains constant over a broad
potential range of hundreds of millivolts. Note the

straight line segment (Tafel region) preceeding the
limiting current.

3.2. Characterization of the reaction product

Figure 2 illustrates an XPS spectrum measured on an
electrode that was polarized in the Tafel region at
0.100 V (Ag/AgCl) for 3 h at 25 �C. Some dozens of
these XPS spectra were measured under various condi-
tions. A sharp well defined S2p peak appears at 164.1 eV
(referred to C1s at 284.6 eV) which is characteristic of
the presence of elemental sulfur (S8) on the electrode
surface [27]. This clearly indicates the formation of
sulfur (S8) as a result of the electrochemical reaction.
Figure 3 shows an SEM image of an area of the
electrode surface after being polarized in the presence
of 0.005 M Na2S for 100 min at 0.450 V (Ag/AgCl)
at 25 �C. It also shows the EDS spectrum of the
region marked with an arrow in the SEM image. A
prominent EDS peak appears at about 2.5 keV which is

I / A

10-7 10-6 10-5 10-4 10-3 10-2

E
 / 

V
 v

s.
 A

g
/A

g
C

l

-1.0

-0.5

0.0

0.5

1.0

1
2 
3 

Fig. 1. Current–potential curve for the graphite electrode in the

presence of 0.005 M Na2S at 5000 rpm, a voltage scanning rate of

100 mV s)1 and 25 �C. The figure shows the results of three different

runs under these conditions superimposed on each other.

Fig. 2. XPS spectrum of a graphite electrode after being polarized at

0.100 V (Ag/AgCl) for 3 hr in presence of 0.005 M Na2S at 25 �C.
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characteristic of sulfur. Note also the non-uniform
distribution of sulfur on the electrode surface.
Out of the many possible electrochemical reactions of

the sulfide ions, the following reactions lead to the
formation of elemental sulfur [9, 10, 14]:

HS� ! SþHþ þ 2e E � ¼ �0:065V (NHE) ð1Þ

HS� þOH� ! SþH2Oþ 2e

E� ¼ �0:478V (NHE)
ð2Þ

The resulting atomic sulfur (S) readily polymerizes to
give S8 which is the more stable form of sulfur under the
ambient conditions. The results of thermodynamic
calculations suggest that elemental sulfur can also
undergo oxidation [22–25] to form soluble oxyanions
such as S2O

�
3 or SO4

). Furthermore, sulfur might also
dissolve in the presence of sulfide ions to form a number
of polysulfides such as S2�2 and S2�3 [9, 15, 17].
Similar XPS peaks were found at various potentials

on the anodic branch of the curve, from )180 to 450 mV
(Ag/AgCl) at temperatures from 25 to 70 �C and times
of electrolysis of 15 min to 3 h. EDS spectra (not
shown) also reveal that the intensity of the sulfur peak
increases with temperature, time and potential. These
results indicate that sulfur S8 is the predominant final
product under the above conditions.
The formation and accumulation of sulfur on the

electrode surface affects its behavior. Sulfur is virtually
an insulator, having an electrical resistivity of
�1017 ohm cm [28]. Consequently, the locations on the
electrode surface that become covered with sulfur will
no longer contribute to the reaction. Hence, under a
constant potential, one expects the current to decrease
progressively with the time as more sulfur is deposited
on the electrode surface. This behavior is illustrated by
the current transients shown in Figure 4a which reveal
continuous decay of the current with time at various
potentials, temperatures and rotation rates.

The degree of coverage of the surface with elemental
sulfur at time t, h (t), can be calculated from the
measured current transients using the relation:

hðtÞ ¼ 1� iðtÞ=ið0Þ ð3Þ

where i(t) and i(0) are the currents at times t and 0,
respectively. Figure 4b illustrates the variations of h(t)
with the time of electrolysis at various potentials,
temperatures and rotation speeds. Note the initial rapid
increase of h(t) with time. The value of h(t) approaches
0.5 within seconds, at all potentials, times, temperatures
and rotation rates. Subsequently h(t) increases gradually
with time towards a plateau.

3.3. Kinetic parameters

Figure 1 shows a Tafel region which covers a range of
anodic currents of about two orders of magnitude. In

Fig. 3. SEM image of the electrode surface after being polarized for

100 min at 0.450 V (Ag/AgCl) at 25 �C.
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Fig. 4. (a) Current transients supported by a graphite electrode

polarized in presence of 0.005 M Na2S at different rotation rates,

temperatures and potentials: (1) 3000 rpm at 70 �C and 0.100 V (Ag/

AgCl). (2) 1000 rpm at 70 �C and 0.100 V (Ag/AgCl). (3) 0 rpm at

70 �C and 0.100 V (Ag/AgCl). (4) 3000 rpm at 30 �C and 0.100 V

(Ag/AgCl). (5) 3000 rpm at 70 �C and 0.250 V (Ag/AgCl). (b) Time

variation of the degree of coverage, h(t), of a graphite electrode at

different potentials, temperatures and rotation speeds in presence of

0.005 M Na2S.
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this region, the current, i, is related to the potential, E,
by the Tafel equation:

E ¼ Erevþð2:3RT=aaFÞlogi� ð2:3RT=aaFÞlogio ð4Þ

where Erev is the equilibrium potential, io is the exchange
current, aa is the charge transfer coefficient of the anodic
reaction, F, R and T have their usual meaning. The Tafel
slope amounts to 260 mV/decade, which corresponds to
a transfer coefficient aa � 0.23. Such high Tafel slopes
might be caused by specific adsorption, diffuse double
layer effects, dual barriers, highly asymmetric energy
barrier, etc. [29–34].
The exchange current can be obtained by extrapo-

lating the Tafel line to the equilibrium potential of the
reaction that supports the current, which is shown
below to be Equation 1. Using the Nernst equation,
the equilibrium potential of reaction 1 at a concen-
tration of HS) of 5� 10)3

M is estimated to be )0.266
(NHE) which is equivalent to )0.463 V (Ag/AgCl).
With this information the exchange current is found
to be 3.5� 10)6 A cm)2. The exchange current density
is related to the concentration of the electro active
species (c) and the standard rate constant of the
reaction (k�) at the equilibrium potential by the
relation [35, 36]:

io ¼ zFk�c1�a: ð5Þ

Using Equation 5 one obtains a value of
k� ¼ 2:2� 10�7 cm s)1 at 25 �C. Equation 5 is a special
case of the general equation cited in references [35, 36]
for a constant concentration of a solid reaction product.

3.3.1. Effect of rotation rate
Figure 5a, b and c illustrate the effects of electrode
rotation speed on the current–potential curves at scan-
ning rates of 1, 10 and 100 mV s)1, respectively. The
effect of electrode rotation is much more pronounced at
the high voltage scanning rate while it has only a modest
effect at 10 and 1 mV s)1. This point is addressed below
in the light of the amount of sulfur deposited on the
electrode surface during a potentiodynamic scan (see 4.4
Coulometric analysis).
For an electrode reaction controlled by diffusion, the

limiting diffusion current, iLD, is related to the rotation
speed of the electrode and the properties of the system
by the Levich equation [26], i.e.

iLD ¼ 0:62zFx1=2D2=3l�1=6c ð6Þ

where z F is the number of coulombs per mole, x = 2 p
f is the angular velocity (radian s)1), D is the diffusion
coefficient (cm2 s)1), l is the kinematic viscosity
(cm2 s)1), and c is the concentration of the sulfide ions
(mol cm)3). Equation 6 predicts a linear relationship
between, iLD and x1/2. It also predicts the values of
limiting currents given by the Levich line in Figure 6 for
the values of z = 2, F = 96 500 coulomb, l =
0.01 cm2 s)1, D = 1.37� 10)5 cm2 s)1 [37] and c =
5� 10)6 mol cm)3. The rotating electrode system was

tested using the ferri/ferrocyanide couple, where the
limiting currents gave perfect fits to the Levich equation.
Figure 6 illustrates the dependence of the experimen-

tally measured limiting current iL on x1/2 for a sulfide
concentration of 0.005 M and different voltage scanning
rates at 25 �C. It also shows the variation of iLDwithx1/2,
according to Equation 6. The measured limiting current
(iL) remains virtually constant independent of x1/2 at
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Fig. 5. Effect of electrode rotation rates on the current–potential

relations, measured in the presence of 0.005 M Na2S at 25 �C and at

different voltage scanning rates: (a) 1 mV s)1, (b) 10 mV s)1 and (c)

100 mV s)1.
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voltage scanning rates of 1 and 10 mV s)1. On the other
hand, for the case of 100 mV s)1, iL increases only
modestly with the rotation speed. The measured values of
iL at all rotation speeds and voltage scanning rates are
much smaller than those calculated from the Levich
equation (iLD) for a diffusion controlled reaction.
The above evidence indicates that the process is

predominantly controlled by charge transfer at the
interface and only modestly affected by diffusion of
the sulfide ions within the electrolyte. The discrepancy of
Figure 6 is attributed to the effects of the elemental
sulfur which deposits on the surface during the reaction.
This point is addressed more quantitatively below.

3.3.2. Effects of concentration and pH
The effect of sulfide concentration on the current–
potential relation is illustrated in Figure 7 which shows
the results obtained at 100 mV s)1, 5000 rpm and 25 �C.
An increase in the sulfide concentration increases the
current. Furthermore the current given by the support-

ing electrolyte (0.58 M NaCl) is some two orders of
magnitude smaller than that provided by the sulfide
containing electrolytes. A logarithmic plot of the data is
presented in Figure 8 at several values of potential. The
results fit satisfactory straight lines at all potentials with
nearly equal slopes of 0.60±0.02, i.e.

rðHS�Þ ¼ @logi

@logc

� �
� 0:60 ð7Þ

This value is close to the value of 0.5 measured on
platinum [38]. The value of the slope r (HS)) is the order of
the electrochemical reactionwith respect to the sulfide ions
in the electrolyte. This is considered an apparent reaction
order (r) while the true reaction order (n) is given by the
dependence of the current on the degree of coverage of the
electrode surface with adsorbed HS) ions [14].
Similar polarization curves were measured at various

pH values (from 9 to 12), 5000 rpm, 100 mV s)1, a
concentration of 0.005 M Na2S and 25 �C (not shown).
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An increase in the pH had only a negligible effect on the
current. Figure 9 shows a logarithmic plot of the current
vs. the pH of the medium at several values of potential.
The figure shows straight lines at all potentials with
negligibly small slopes which are considered to be zero.
The slope of the relation is the order of the reaction with
respect to the concentration of H+ (and of OH)) ions,
i.e.

rðHþÞ ¼ @logi

@pH

� �
� 0 ð8Þ

This indicates that the reaction rate is virtually inde-
pendent of the pH of electrolyte, in agreement with the
results obtained on platinum [38]. Upon comparing this
value with the apparent reaction order measured with
respect to the concentration of sulfide ions (0.6±0.02),
one concludes that the rate of the process is significantly
affected by the sulfide concentration and not by the pH
of the electrolyte. This indicates that the measured
current is supported predominantly by reaction 1, with
negligible contributions from reaction 2.

3.3.3. Effect of temperature
Figure 10 displays the polarization curves obtained at
5000 rpm in the presence of 0.005 M Na2S at
100 mV s)1 and different temperatures. The increase in
temperature increases the anodic current over a broad
range of potentials. For many electrode reactions, the
Arhenius equation has the form [35, 36]:

i ¼ A expð�DH 6¼=RTÞ ð9aÞ

where DH „ is the enthalpy of activation and A is the
pre-exponential factor, which includes the entropy of
activation, DS 6¼; i.e. A ¼ A�expð�DS6¼=RT Þ: Conse-
quently, Equation 9a takes the form:

i ¼ A�expð�DG 6¼=RTÞ ð9bÞ

where DG6¼ ¼ DH 6¼ � T DS6¼ is the free energy of
activation of the reaction. Consequently a plot of ln i
vs. 1/T would give a straight line from the slope of which
DG 6¼ can be calculated. Note that the activation free
energy of an electron transfer reaction, DG 6¼; is
considered an apparent value as it depends on the
electrode potential [35, 36, 39], i.e.

DG 6¼ ¼ DG 6¼r � aFE ð10Þ

where DG 6¼r is the activation free energy of the reaction
at a reference potential and E is the potential (against
this reference) at which the apparent DG6¼ was
measured.
Figure 11 shows Arrhenius plots at 450, 200, 0, )190

and )300 mV (Ag/AgCl). All sets of results give
satisfactory straight lines with slopes of )0.656, )1.29,
)1.584, )2.019 and )2.39, which yield activation free
energies ( DG 6¼) of 5.45,10.7, 13.2, 16.8 and
19.9 kJ mol)1, respectively. An increase in potential in
the anodic direction decreases DG 6¼; in agreement with
the fact that anodic polarization promotes the anodic
reaction. The effect of electrode potential on the
activation free energy, DG 6¼; is illustrated in Figure 12.
The results fit a straight line in agreement with the
predictions of Equation 10. This is another proof that
charge transfer across the interface is the rate determin-
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Table 1. Variation of the polarization resistance, Rp, with time

during anodic oxidation of sulfide ions from an electrolyte contain-

ing 0.005 M Na2S at 25 �C and different potentials, in V (Ag/AgCl)

Time (min) Polarization resistance (kW)

0 V 0.250 V

5 6.43 2.39

15 8.66 7.60

30 12.12 12.79

60 16.50 23.89

90 18.79 25.89
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ing step. From the slope of the straight line, a value of
aa = 0.21 was obtained which agrees with the value of
0.23 calculated from the Tafel slope (see above).

3.4. Electrochemical impedance spectroscopy (EIS)

EIS measurements were performed to obtain the polar-
ization resistance of the interface at various potentials
and times of electrolysis. The impedance diagrams were
analyzed as shown elsewhere [40]. The results are listed
in Table 1. The polarization resistance (Rp) increases
with the time of electrolysis, as a result of the accumu-
lation of sulfur on the electrode surface. Furthermore,
the rate of increase of Rp with time of electrolysis is
greater at the higher than at the lower potential. This is
readily explained in the light of the fact that the reaction
rate and hence the rate of accumulation of sulfur on the
electrode surface are larger at higher potentials. At the
beginning of the electrolysis, the polarization resistance
is lower at the higher potential. This is consistent with
the fact that an increase of anodic potential promotes
the reaction and hence decreases the polarization
resistance. These results indicate that charge transfer
at the interface is the rate determining step, which is
being progressively impeded with further deposition of
sulfur at increasing potentials and times of electrolysis.

4. Discussion

4.1. Transfer coefficient and activation energy

The Tafel line yields an exchange current density of
io ¼ 3:5� 10�6 A cm)2 and a transfer coefficient of
0.23 at 25 �C for a solution containing 0.005 M HS)

ion. This corresponds to a standard rate constant of
k� ¼ 2:2� 10�7 cm s)1 at the equilibrium potential
()0.266 V (NHE)) which reveals that charge transfer is
a fairly slow process. The significance of this low
transfer coefficient is discussed below. The rate deter-

mining step is the transfer of one electron from HS) ion
to form an adsorbed intermediate HSads (c.f. Equation
16). Note that the HS) is surrounded by an ionic
atmosphere that is dispersed during the formation of the
activated complex. This process is accompanied by
positive entropy of activation which decreases the free
energy of activation.
The free energy of activation DG 6¼ decreases linearly

with an increase of potential in the anodic direction, see
Equation 10 and Figure 12. This indicates that the rate
determining step involves charge transfer. From the
dependence of DG 6¼ on potential, a transfer coefficient
aa= 0.21was obtained.This value agreeswith that (aa=
0.23) obtained independently from the Tafel slope.

4.2. Relevance of oxygen evolution

Similarly low charge transfer coefficients were reported
for the oxygen evolution reaction on gold (0.25) and on
palladium (0.2) electrodes [41]. The mechanisms pro-
posed for oxygen evolution involve electrochemical
adsorption as a rate determining step [14, 32–34,
41–43], e.g.

OH� ! OHads þ e� ð11aÞ

or

H2O! OHads þHþ þ e�: ð11bÞ

Furthermore, the ‘‘apparent’’ reaction order of oxy-
gen evolution with respect to OH) ions is 0.5 [42, 43]
which is close to the value of (0.6) measured in this work
for the oxidation of the HS) ions. The above findings
are relevant as oxygen is the first member of the
chalcogenide group in the periodic table, of which sulfur
is the second member. The anodic oxidation of HS) ions
to produce sulfur bears some similarity to the oxidation
of OH) to form oxygen. While sulfur is deposited on the
electrode surface in the anodic oxidation of sulfide ions,
chemisorbed oxygen is an intermediate in the oxygen
evolution reaction.
This low value of a has been rationalized on the basis

of a dual barrier model for oxygen evolution [14, 33, 34,
41]. The model stipulates that the total potential drop
across the interface D/ is divided among the electrical
double layer D/1 and the oxide film D/2, such that D/
= D/1 + D/2. The overall rate is given by

i ¼ k exp
bFE
RT

� �
ð12Þ

where k is a constant and b = a1 a2/(a1 + a 2) while a1

and a2 are the charge transfer coefficients at the
electrolyte/oxide and oxide/metal interfaces, respec-
tively. Assuming a1 = a2 = 0.5 and a uniformly
covered surface, Equation 12 predicts an effective
transfer coefficient of 0.25 which is nearly equal to the
measured values.
The dual barrier model cannot be readily extended to

the case of sulfur deposition, in spite of the above
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Fig. 12. Effect of electrode potential on the apparent activation en-

ergy of the reaction, under the conditions of Figure 10.
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mentioned similarities. While an oxide layer on a metal
has semi conducting properties (e.g. q@ 5� 104

ohm cm)1 at 25 �C for PtO2) [44] a layer of sulfur
(where q � 1017 ohm cm) is virtually an insulator [28].
Furthermore, Figure 3 shows that sulfur deposits non-
uniformly. Consequently the perceived role of the
deposited sulfur in the oxidation of HS)ions is different
than that of the oxide film in oxygen evolution. The
most readily accepted role of the deposited sulfur in the
present system is that it gradually passivates the surface
as it forms, leaving an ever decreasing fraction of the
surface for charge transfer. This conclusion is supported
by the SEM images in Figure 3, the progressive increase
in the polarization resistance with time and the coloum-
teric calculations given below.

4.3. Reaction order

The dependence of the current on sulfide concentration
and pH of the medium revealed reaction orders of 0.60
and 0, respectively, in agreement with earlier results
obtained on platinum [38]. This indicates that reaction 1
is the predominant source of the measured current. The
reaction order determined by Equation 7 is an apparent
value [14, 45] with respect to the bulk concentration of
HS), c. In reality, however, the reacting ions, HS), are
adsorbed on the electrode surface at a degree of
coverage ðhHS�Þ: The true reaction order (n) which
affects the current concerns ðhHS�Þ i.e.

nðhHS�Þ ¼
@ ln i

@ ln hHS�

� �
ð13Þ

Both reaction orders are related by the following
equation [14, 45]

RðHS�Þ ¼ nðHS�Þ @ lnðhHS�Þ
@ ln c

ð14aÞ

The expression of the derivative @lnðhHS�Þ=@lnc
depends on the particular isotherm of adsorption of
HS) ions on the surface, which relates (hHS

) ) and c. Its
value is usually less than one, hence the true reaction
order (n) is always greater than the apparent value (r).
For the case of the Langmuir isotherm, the derivative
¶ln hHS

) /¶ln c = 1)hHS
) and the above relation takes the

form [14, 45]:

r ¼ nð1� hHS�Þ ð14bÞ

Other isotherms give more complex relations. At the
limit of hHS� ! 0; r = n, i.e. the true and apparent
reaction orders become equal. On the other hand, as
hHS� ! 1; the apparent reaction order approaches zero
[46]. This indicates that the true reaction order for HS)

is actually greater than 0.6. The present system is further
complicated by the deposition of sulfur on the electrode
surface such that the uncovered fraction of the electrode
surface is actually (1) hS)hHS

) ) where hS is the degree of
coverage of the surface with sulfur.

4.4. Coulometric analysis

The amount of sulfur deposited on the electrode can be
estimated from a calculation of the charge passed. From
computation of the area under the anodic curve in
Figure 1 and the application of Faraday’s law to
Equation 1, one can estimate the amount of sulfur
deposited on the electrode up to a certain point during a
potentiodynamic scan. Table 2 summarizes the results.
They reveal that a change of potential in the noble
direction increases the amount of sulfur deposited on the
electrode. Hence, a greater fraction of the surface area
of the electrode is covered with sulfur and a smaller
fraction is available to support the electrochemical
oxidation of the sulfide ions.
The fact that the rotation speed of the electrode has

no significant effect on the rate of the process at low
voltage scanning rates is attributed to the electrodepos-
ited sulfur. This point is illustrated by comparing the
amounts of sulfur deposited on the electrode surface
during the potentiodynamic scans in Figure 5(a, b and
c). To illustrate the salient point and to facilitate the
comparison, we calculated the time elapsed and the
amounts of charge passed during a segment (from 10 to
100 lA) in Figure 5(a, b and c) were calculated. Using
Faraday’s law and Equation 1, these charges were
converted to moles of sulfur per cm2. The results are
summarized in Table 3. An increase of the voltage
scanning rate from 1 to 10 mV s)1 results in a decrease
of about 20-fold in the amount of charge passed and
hence in the amount of sulfur deposited on the electrode
surface. Furthermore, an increase of voltage scanning
rate from 10 to 100 mV s)1 produces an additional 10-
fold decrease in the amount of charge passed and hence
in the amount of sulfur deposited on the electrode
surface. This also explains the disappearance of a
meaningful Tafel region in Figure 5(a and b) (at low
voltage scanning rates where excessive amounts of sulfurTable 2. Variation of the charge passed (r /lC cm)2) and the

amount of sulfur deposited (Dm /mol cm)2) at various potentials

during the anodic sweep in Figure 1

E (V) q (lC cm)2) Dm (mol cm)2)

)0.200 66.8 3.46� 10)10

0.000 536 2.78� 10)9

0.200 2995 1.56� 10)8

0.400 8964 4.65� 10)8

0.600 18300 9.48� 10)8

0.800 28607 1.48� 10)7

1.000 40642 2.11� 10)7

Table 3. Effect of voltage scanning rate (m) on the time (t (s),

amount of charge passed (q /lC cm)2) and amount of sulfur

deposited, Dm /mol cm)2), during potentiodynamic scans from 10 to

100 lA (see Figure 5(a, b and c))

m /(mV s)1) t (s) q/lC cm)2) Dm/ (mol cm)2)

100 2.5 364.3 1.89� 10)9

10 22 3421 1.77� 10)8

1 418 70642 3.66� 10)7
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are deposited) and its appearance at a voltage scanning
rate of 100 mV s)1 (Figure 5(c)). For this reason,
measurements were performed at high voltage scanning
rates to reveal the electrochemical behavior of the
system before substantial accumulation of sulfur blocks
the electrode surface.
In view of the above results and reasoning, one

envisages the picture of the electrode surface during a
potentiodynamic scan as composed of an increasing
fraction that is covered with islands of sulfur and a
continuously decreasing fraction of uncovered area on
which the HS) ions are being oxidized.

4.5. Proposed mechanism

In view of the above results a plausible mechanism for
reaction 1 is visualized. The first step is the adsorption of
HS) ions to form HS�ad on the electrode surface, at the
active locations which are not covered by sulfur, i.e.:

HS�aq ! HS�ads ð15Þ

The tendency for sulfide ions to undergo specific
adsorption is well documented [31, 47].
The slow step involves discharge of the HS�ads with the

transfer of one electron, to form an adsorbed interme-
diate HSads i.e.

HS�ads !
slow

HSads þ e ð16Þ

The adsorbed intermediate HSads might be involved in
subsequent electrochemical or chemical reactions, i.e.

HSads ! Hþ þ Sþ e ð17Þ

HSads þOH� ! H2Oþ Sþ e ð18Þ

2HSads þOH� ! SþH2OþHS� ð19Þ

Equation 19 is a chemical reaction, the rate of which is
not strongly dependent on potential, while the rates of
reactions 18 and 19 depend on the pH of the medium.
This is contrary to the experimental findings. Further-
more, reaction 17 is not consistent with the measured
reaction orders. This leaves Equation 16 as the rate
determining step.
As the reaction proceeds, the electrode surface

becomes covered with sulfur to a degree that increases
with time and with potential. This sulfur is shown to be
the predominant final product under the above condi-
tions. As the degree of coverage of the surface with
sulfur, hs, increases, at a certain potential, temperature
and rotation rate, the current supported by the uncov-
ered fraction of the surface (1) hs) progressively
decreases. A gradual increase in potential (as in Fig-
ures 1, 7, 9 and 10) supports a progressively higher
current which further increases hs with time. As hs fi 1,
further increase in potential is required to produce a

constant measured current from a gradually decreasing
unblocked fraction (1)hs) of the electrode surface.
Hence, we observe a limiting current. Therefore it is
concluded that the measured limiting currents are not
caused by slow diffusion in the electrolyte but rather by
slow charge transfer across the interface as a result of
the progressive blocking effect of the elemental sulfur
produced by the reaction.

5. Conclusions

The anodic oxidation of HS) ions on graphite produces
elemental sulfur, which has a strong effect on the
kinetics of the process. The process is controlled by
charge transfer across the interface and only modestly
by diffusion of the sulfide ions in the electrolyte. This is
borne out by the strong dependence of the current and
activation energy on potential and the lack of a
significant effect of electrode rotation rate on the
measured limiting current. As more sulfur is deposited,
the electrode surface is progressively passivated and
diffusional effects become less pronounced. This is true
even at fairly high voltage scanning rates before accu-
mulation of substantial amounts of sulfur on the
surface. Elemental sulfur was identified using XPS and
seen on the electrode surface using SEM. The process
offers a clean electrochemical approach to the removal
of hydrogen sulfide from polluted brines. Successful use
of the process requires a solution to the problem of
electrode passivation.
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