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Hydrogen evolution in aqueous solutions containing dissolved H,S:
Evidence of direct electroactive contribution of H,S.
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This paper compares the cathodic reactions ocguwm steel in an oxygen-free aqueous
solution containing dissolved,B or dissolved C® It is well admitted that the rate of the
cathodic reaction is enhanced in aqueous solutonsaining dissolved Cin comparison
with strong acid solutions at the same pH [1-6].alprevious paper [7], the authors have
shown that this phenomenon appears only in the tnassfer limitation region, where the
transport of carbonic acid is added to the trartspbproton. In the case of,8 containing
solutions, this chemical mechanism is no more cieffit to explain the cathodic polarization
curves. An additional electrochemical reactionl&ady observed, with strong links with,8l
concentration.

| ntroduction

Corrosion in oil and gas environments very ofterolaes water with dissolved G@nd HS.
Once dissolved in water, both g@nd HS behave like weak acids. As such, they are able to
provide oxidizing power and promote iron corrosi@stablishing an equilibrium between
oxidation and reduction reactions:

Fe - Fe*" +2¢ (1)
The most common reduction reaction in de-aeratetiraedia is proton reduction:

H' +e ﬂ%Hz ?)

However, additional reactions might take place.sT$ubject has been widely discussed for
CO,, starting several decades ago [1,3-5,8-12]. Omicpkar aspect with C@corrosion is
the fact that it is usually enhanced in comparisath strong acid solutions at the same pH.
This trend is extremely well established, in patc in the oil and gas industry. However,
this mechanism remains poorly understood. Two m#j@ories coexist to explain this
additional corrosivity in carbonic acid solutiongntil very recently, the most common
assumption consisted in considering that carbaridt @uld be reduced:

H,CO,+e - HCO\;+%H2 3)



This cathodic reaction would thus be added to tie¢op reduction (2), thereby increasing the
global cathodic current.

However, recent results obtained by the authoisvell that the additional cathodic current
could entirely be explained by mass transport drehical kinetics [7]. The model that was
described contains one unique charge transferioea@), while the mass transfer limitation
contains the diffusion of Hand the diffusion of the weak acid (dissolved,Cffom the bulk

of the solution. Quantitatively, for a pH level a@®, partial pressure (R, typical of oil
and gas fields, the transport of acidity at theslsgurface is attributed in majority to @O
rather than to H e.g. at ambient temperature under 1 bag @&PH 4, CQ concentration in
pure water is 3.3 x 7Omol/L, while H' concentration is only Tbmol/L. Thus, CQ provides
an additional source of protons at the steel sarbgctransport of Cofrom the bulk followed
by the chemical dissociation reaction:

CO, +H,O0——=H" +HCQO, 4)

This dissociation reaction has a slow kineticsefiresents the rate determining step for the
CO, contribution, rather than GQransport itself.
The same kind of chemical contribution has beenahestnated recently for acetic acid [13].

To our knowledge, only few papers in the literatdescribe the cathodic reactions in water
containing dissolved ¥$. In the 60's, Bolmer proposed a direct reduatéaction as [14]:

H,S+e - HS +% H, 5)

Polarization tests were conducted in stagnant ¢ondin near neutral solutions containing
different amount of b5 and HS Bolmer noticed Tafel slopes between 115 mV andnd5
depending on HXoncentration. Mass transfer limitation was albsawved, but it could not
be interpreted quantitatively.

In the eighties, Morris et al. used a carbon ste&ting disc electrode (RDE) to study
corrosion in aqueousA3 systems of acid pH [15]. They concluded thg® ldid not modify
the cathodic process in the activation region, ety noticed also that the*Hliffusion
control disappeared gradually with$

Measurements in controlled turbulent flow condifiomere reported by Galvan-Martinez et
al. [16], with a rotating cylinder made of carbaeed. They examined the hypothesis of a
direct H2S reduction according to Equation (5), thaéty noticed that the corrosion potential
lied in a region where the cathodic current wasenidl mass transfer limitation.

Another mechanism of 4 contribution was proposed by Shoesmith et al.s&hmuthors
stated that the corrosion reaction of iron witiSHbccurred mainly by a solid state reaction,
via the global reaction scheme [17]:

Fe+H,S - FeS+H, (6)

This reaction is still adopted in most of experitanvork on iron corrosion in the presence
of H,S, considering that the formation of a protectiveckinawite scale is the main parameter
for corrosion control, rather than electrochemigaétics [10,18].



Other studies delt with cathodic reactions gSHontaining solutions, but they were focused
on the impact of L5 on hydrogen recombination or charging in the |Isteausing
embrittlement [5,19-23].

The main objective of this paper is to examinerthtire of the impact of 4 on the cathodic
reactions in acidic solution. It will be comparedhithe reference case of O

Experimental

Experiments were performed using a 316L rotatingc délectrode (RDE). The working
electrode surface was polished with 1200 grit pdyeéore each experiment.

The supporting electrolyte was a 0.01M30, solution. Before each experiment, this
solution was de-aerated by purging fér at least 2 hours. The solution was then stddra
with H,S at different concentration, by purging &hd HS with different ratios, from 0.1%
H.S to 5 % HS, corresponding respectively to a partial pressdirel,S (Ri29) equal to 1
mbar and 50 mbar, or to Znol/L to 5x10° mol/L of dissolved kS.

The pH of the test solution was then adjusted tgetavalue between 4 and 6 by KOH or
H,SO, addition. Test solution transfer from the preparattank to the de-aerated
electrochemical cell was realized without contagtihe solution with air, to avoid any
reaction of dissolved 5 with oxygen, and prevent oxygen reduction coatrdm.

All experiments were carried out at room temperat{dB +/- 2°C) using a conventional three-
electrode cell. A standard Ag/AgCIl and a large iplah grid were used as reference and
counter electrodes, respectively. The equipmentelectrochemical measurement was a
Biologic SP200 potentiostat monitored with EC-Labftware. Potential sweeps were
performed at a rate of 1 mV/s.

Results and discussion

Theoretical approach

In a very similar manner as the theoretical apgraiveloped for C&in [7], we can propose
a simple buffer model for ¥, consisting in the following reactions and preess
- transport of H+ and }$ from the bulk to the steel surface

- H,S dissociation: H,S——H" +HS (7)
- reduction of proton (2)

Quantitatively, in comparison with GOone expects $$ to be a much more effective
reservoir of proton. Indeed, the kinetics gfSHlissociation is thought to be several orders of
magnitude higher than that of @{11]. Qualitatively, such buffer effect should reese the
value of the current plateau at large cathodic potential, while the kinetic region under
charge transfer control should not be modified amparison with a strong acid solution at
the same pH. If this model is true, the aspecthef stationary cathodic curves should not
differ between C@and HS. Both should contain only one cathodic Tafel sJagssociated
with the proton reduction (2). At high cathodic gwatential, where the mass transfer is the
limiting step, the current plateau should increlbgea greater amplitude with,8 than with
CO,, due to the higher dissociation rate constant.



On the other hand, if a second reduction reactiith W,S happened as proposed by several
authors, an additional Tafel slope should be olexkiw the cathodic polarization curves.

These two hypothesis are compared to the experahergasurements in the next section of
this paper.

Results and discussion

Typical cathodic experimental stationary polariaatcurves measured on the 316L steel RDE
in solutions at pH 4 and with or without 9 mbaiSHare presented in Figure 1.

In the absence of 43, the polarization curve is characteristic of gmton reduction,
followed by water reduction at the lower cathodatgmtial. A well defined current plateau is
observed, which can be ascribed to the mass transpproton, since it follows strictly the
Levich expression:

Ji e =0.62xFxC . xDPxy*°xQ*? (8)

: +
lim,H bulk

where J_ . is the diffusion limited current for Hreduction, F is the Faraday constant
(96500 C/mol),C,,. is the bulk concentration of protonB, . is the diffusion coefficient of

bulk

H*, v is the kinematic viscosity of the liquid, ard is the angular rotation speed of the
electrode.

The addition of 9 mbar ¥ modifies considerably the polarization curvessekond wave
appears at more cathodic potential, which shoul@tbéuted to the electroactivity of.B.
Similar observations were made recently at mordia@H and with carbon steel rotating
cylinder devices, showing also an electrochemictwigy of H,S [24].
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Figure 1: Stationary cathodic polarization curves measured with a RDE at pH 4 in N, purged solution or
in H,S saturated (9 mbar) solution.



In order to characterize in more details the etettemical reaction associated withSH
additional experiments were performed in less ac#tilutions, or with different Bs. The
corresponding polarization curves are presentédguare 2 and Figure 3, respectively.
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Figure 2: Stationary cathodic polarization curves measured with a RDE at 180 rpm in de-aerated solution
containing different amount of H,S at pH 4.
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Figure 3: Stationary cathodic polarization curves measured with a RDE at 180 rpm in de-aerated solution
containing different amount of H,S at pH 6.

In the presence of dissolved,$] an additional cathodic contribution appears ba t
polarization curves.

At pH 4, and for Bzs between 1 mbar and 50 mbar, the additional elelsénmical reaction
associated with % takes place in the potential domain of the massport limitation of the
proton (Figure 2). With 1 mbar 43, the additional contribution is masked by thetqmo
reduction. However, at 9 mbar and 50 mba® Hhe second cathodic reaction is well defined,



and its current increases withB The cathodic current associated with the proseatuction
does not seem to be strongly affected by the poesehHS.

At pH 6 and without KS, the contribution of Hreduction to the global current rapidly
vanishes and most of the cathodic current is aggmtivith water reduction.

In the presence of dissolved$ the cathodic contribution of the polarizatiomvas can thus
mostly be attributed to 4% (Figure 3). Even though the plateau is not exttgwell defined,
the limiting current seems to be proportional whke HS concentration. The impact obHl

on the kinetic part could also be estimated from risults at 9 mbar and 50 mbar oiSH
which present a linear region at low overpotentabm the values of the cathodic current at -
0.6 V vs. Ag/AgCI, the order of the reaction withsgcould be estimated as:

0 |09(Jo,st) 05 ©)
0 Iog(CHZS)

This reaction order is equivalent to that of theh@ange current density of proton reduction in
similar environments, as already mentioned by séarthors [5,7,23]:

0 Iog(JO’H+)

aog(c,) (1)

A more detailed analysis of the limiting currenpr®posed on Figure 4 and Figure 5. For the
experiments at pH 6 and with 50 mbapSH the values of the limiting current density
measured at -1.05 V vs. Ag/AgCl were plotted vetbgssquare root of the electrode rotation
rate (Figure 5). In the same figure, the theorétisass transport limiting current for,8
calculated with the Levich expression (11) was alstted for comparison.

Jim,s =0.62xFxC,  xDiixv*xQ*? (11)

2Shuik

with J;,, ., ¢ the diffusion limited current for 4% reduction,C the HS concentration in

HoShuk

the bulk of the solution (5 x T0mol/L for Rys = 50 mbar), andD,, ¢ the diffusion
coefficient of HS (1.6 x 1 cm?/s [11]).

It appears quite clearly in Figure 5 that the ekpental data stay below the theoretical line,
and that the difference between the measured anchlbulated values seems to increase with
the rotation speed. The current limitation is timem just caused by 43 transport, but might
also contain an additional contribution, maybeltéraical nature.



1000

'E 1

< 1004

= ]

~ ]
1——55rpm

104 = — —180rpm

1---- 600 rpm
] 1200 rpm

T T T T T T " T T 1
-3 -12 -11 -10 -09 -08 -07 -06 -05

E vs. Ag/AgCI (V)

Figure 4: Experimental stationary cathodic polarization curves measured with a RDE at different rotation
speed in de-aerated solution containing at pH 6 with 50 mbar H,S.
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Figure 5: Evolution of the limiting cathodic current with the rotation speed of the electrode in de-aerated
solution containing at pH 6 with 50 mbar H,S.

After the analysis of the plateau region, we exauiinhe apparent kinetic part of the
polarization curves related to the reduction rescinvolving HS. In order to correct for the
mass transfer limitation, the Tafel correction vegplied in the low overpotential region to
calculate the kinetic current density as:

_ Jx JIim,HZS

J = 12
s =3 (12)

lim,H,S J

where J, ,, ¢ is the kinetic part of the cathodic current denaitd J is the global measured
current density.



The results are plotted in Figure 6 for differestiation rates, for the experiments at pH 6 and
with 50 mbar HS. An excellent agreement is found between thewfft sets of results, and
an apparent Tafel slope equal to 152 + 10 mV isvddr This high value suggests that even

for the results of Figure 4, the linear part Iog(J) vs. E is not under pure activation

control, but contains an additional contributiort. tAis stage, it is not possible to precisely
define this contribution, but cathodic current doewater and residual Heduction might
have an influence, as well as some residyate@uction in case of small,@ollution of the
system. A rough estimation of the additional cdnttion to HS reduction could be made
from the measurements in pure3®, at pH 6 in Figure 3. In the linear region used tfoe
Tafel analysis, between -0.55 and -0.75 mV vs. AglA the residual reduction current due to
H*, H,O and other species in the solution varies frono 2@ pA/cmz2. This results in an
overestimation of the Tafel slope with Equation)(12nfortunately, the reproducibility of the
measurements in strong acid solution at pH 6 wasunticient to perform a correction of the
measured current in Equation (12). Nevertheledsafal value of 120 mV for k6 is likely,
similar to that of the proton reduction.
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Figure 6 : Tafel plots of the kinetic part of the cathodic current (J,) in pH 6 solution saturated with 50
mbar H,S.

Conclusions

The hydrogen evolution reaction in an oxygen frelitgon with dissolved b5 is radically
different than with dissolved CQeven though both dissolved gases are weak aditis w
comparable solubility and pKa. With dissolved £@roton reduction is the main cathodic
reaction. Dissolved CQonly contributes to increase the current densitthe mass transfer
control potential range by a chemical buffer efféotthis potential domain, the transport of
the weak acid is added to the transport of pradod, additional interfacial acidity is provided
by the weak acid dissociation.

On the contrary, the results presented in this pdpmonstrate that the buffer effect is not
sufficient to explain the cathodic polarization w&s measured in solutions with dissolved



H.S. An additional cathodic reaction was clearly obsé. Although our results did not allow
to characterize completely this electrochemicaktiea, some apparent features could be
determined. This reaction presents strong link$ WitS concentration. The reaction order
with Cys seems to be close to 0.5. A cathodic current alateas also observed at high
cathodic overpotential, but the relationship withSHliffusion was not straightforward. At
low cathodic overpotential, a Tafel region was obse, with an apparent slope value of 152
+ 10 mV, suggesting also that the system was nigtlgtunder activation control.

The detailed mechanism of,8 reduction requires more work to be completelycdiesd.
Nevertheless, this work emphasizes the fact thakkveeids can present extremely different
contribution to electrochemical reactivity of theligion. For applications in the petroleum
industry, materials testing is very often done urfiféred solutions. A better knowledge of the
nature of the buffer contribution, either purelyenfical like CQ, or chemical and
electrochemical like k8§, would be of great importance to this community.
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