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ABSTRACT

The pore fluid within many concretes is highly alkaline and rich in reduced

sulfur species, but the influence of such alkaline-sulfide solutions on the surface

film formed on steel reinforcement is poorly understood. This study investigates

the critical role of HS- in defining mild steel passivation chemistry. The surface

film formed on the steel in alkaline-sulfide solutions contains Fe(OH)2 and Fe–S

complexes, and the critical chloride concentration to induce corrosion increases

at high sulfide concentration. However, this behavior is dependent on the

duration of exposure of the steel to the electrolyte, and the nature of the sulfidic

surface layer.

Introduction

As part of the global move toward reducing CO2

emissions from Portland cement (PC) production,

and to produce highly durable concretes for

demanding (e.g., marine) applications, PC is

increasingly being substituted with ground-granu-

lated blast furnace slag, a by-product of the iron-

making process. Innovative cements such as alkali-

activated slags (AAS), produced by the reaction

between slags and an alkaline solution [1], are also a

viable alternative to PC-based binders for specific

applications. The reducing nature of the blast furnace

is retained by the slag, which contains * 1–3 wt %

sulfur, mostly in a reduced state and available to

dissolve when mixed with water or an alkaline

solution [2–4]. As critical infrastructure applications

depend on the use of steel-reinforced concretes, the

uptake of alternative construction materials such as

PC-slag blends and AAS in these applications is

challenged by the incomplete understanding of the

susceptibility of steel to chloride- or carbonation-in-

duced corrosion in the presence of high
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concentrations of sulfide. The concentration of

reduced sulfur species (mainly present as HS-) in

AAS has been measured to be around * 0.45 M

[2, 3], much higher than in more conventional PC-

slag blends, and this extremely high concentration is

expected to be important in understanding both the

cement chemistry and the susceptibility of reinforc-

ing steel to corrosion within concretes made from

these binders.

Similar concerns regarding the corrosion of iron

and steel in aqueous-sulfide solutions have been

addressed in the literature pertaining to various

industrial processes such as the Kraft process in the

pulp industry [5], the Girdler sulfide process in the

production of heavy water [6], in the oil and gas

industry [7], and in environments with metabolic

activity of sulfate reducing bacteria [8]. Unlike most

of the aforementioned processes, the pH of the pore

fluid within cementitious materials is between 12.5

and 14, which limits the transferability of mechanistic

information obtained in near-neutral or acidic envi-

ronments. Considering the enormous costs associated

with the corrosion of critical infrastructure (i.e., direct

and indirect costs amounting to * 6% of U.S. GDP

[9]), it is essential that the long-term durability of

modern infrastructure materials is better understood.

The steel–concrete interface provides a highly

alkaline environment enabling the formation of a

protective/passive film on the surface of a mild steel

reinforcement. The passive film formed in most

cementitious binders without high sulfide concen-

trations is composed, in the general sense, of an inner

layer of ferrous hydroxide (Fe(OH)2) that can readily

oxidize to form magnetite (Fe3O4), and an outer layer

composed of Fe(OH)3 or hydrated Fe (III) oxide

(Fe2O3�nH2O) [10]. However, the exact composition

of the passive film formed on mild steel in alkaline

conditions has been a subject of debate throughout

the literature [11] and depends on the chemistry and

pH of the electrolyte, and the availability of oxygen

[12]. Therefore, the presence of HS- in addition to

OH- would alter the chemistry of the passive film

and thereby have consequences on the susceptibility

of the steel to chloride-induced corrosion [13–16]. Fe

in the passive film of mild steel was reported to be in

the 2 ? oxidation state when in contact with PC-slag

blends, rather than in the 3 ? oxidation state

observed in plain PC [4]. Based on previous obser-

vations of higher porosity of the Fe(II) oxides in

comparison with Fe(III) oxides [17], it has been

suggested that cements with replacement of PC with

slag did not generate a passive film on the steel

reinforcement, thus giving lower protection against

corrosion by aggressive ions such as Cl- [4]. There is

also a significant decrease in the redox potentials of

steel reinforcement in PC-slag blends with[ 75%

replacement of PC with slag [4, 18], primarily due to

the release of reduced sulfur species. A recent study

[14] (also highlighted in [4, 18, 19]) showed that the

highly reducing nature of the slag limits the con-

centration of dissolved oxygen, yielding significantly

lower electrochemical potentials of the steel rein-

forcement embedded in PC-slag blends compared to

plain PC.

The onset of chloride-induced corrosion of the steel

reinforcement is often described by the concept of

chloride ‘‘threshold’’ value (Ccrit), defined as the

minimum concentration of chloride that initiates

depassivation [20]. This is often characterized elec-

trochemically by either a drop in the redox potential

and polarization resistance, or an increase in the

corrosion current density. Published data on the

chloride threshold values for steel embedded in PC-

slag blends are contradictory and are scattered [20].

Some studies have indicated the Ccrit to be much

higher in the case of PC-slag blends than for plain PC

[21, 22], whereas others have reported the converse

[13, 23, 24], or no significant differences in Ccrit [25].

Ccrit values measured for steel reinforcement in Na2-
SiO3-activated fly ash/slag blends were observed to

be the lowest for binders produced with higher

amounts of slag, i.e., with a more reducing internal

environment [26]. However, electrochemical investi-

gations of steel reinforcement in AAS with admixed

chloride levels of up to 8 wt % of binder reported no

pitting even at very high chloride concentrations [27].

The oxidation of HS- present in the pore solution of

AAS was suggested to play a critical role in the

mechanisms of passivation/depassivation and the

long term-performance of these binders [27].

In light of such diverging evidence, it is important

that the role of reduced sulfur species in steel corro-

sion is addressed with care. This study focusses on

the influence of reduced sulfur species on the mech-

anisms of passivation of steel, and localized corrosion

due to chlorides, in highly alkaline solutions (0.80 M,

1.12 M and 1.36 M NaOH) containing 0.01 M, 0.09 M

and 0.45 M HS-, via electrochemical and spectro-

scopic techniques.
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Experimental program

Materials

The steel reinforcement bars used in this research

were mild steel, grade B500 according to ISO/DIS

6935–2 [28], with a chemical composition (measured

through X-ray fluorescence (XRF) and standard

deviation of 0.03 wt %): 97.91 wt % Fe, 0.21 wt % C,

0.13 wt % Cr, 0.20 wt % Ni, 0.47 wt % Cu, 0.23 wt %

Si, 0.76 wt % Mn, 0.03 wt % S, 0.02 wt % Mo, and 0.04

wt % P. The steel bars (u = 12 mm) were obtained

from a local supplier in Sheffield, UK. The rebars

were cut into small disks, with a thickness ranging

between 5.5 and 6.5 mm, using an abrasive disk.

Prior to electrochemical testing, the disk surfaces

were polished using SiC abrasive paper with 240 to

600 grit sizes, and degreased using acetone, to

achieve a roughness of Ra = 0.14 lm (measured using

ContourGT-X 3D Optical Profiler). The steel used in

this study and the preparation of the small disk

specimens is identical to those used in [10].

ACS reagent grade NaOH pellets (Sigma-Aldrich),

Na2S�9H2O (Alfa Aesar) and commercial grade NaCl

(EMD Chemicals) were used to synthesize alkaline

solutions with specific concentrations of sulfur. The

dissolved sulfur is represented as HS- (aq.), although

it would be reasonable to expect trace formation of

Sn
2- (aq.), SO3

2- (aq.), S2O3
2- (aq.), and SO4

2- (aq.)

due to the dissolved oxygen present, consistent with

the literature for extracted AAS pore solutions [2].

The upper limit of [HS-] was set to 0.45 M, to be

representative of pore solutions of AAS [2, 3]. The

compositions of the solutions used in this study are

shown in ‘‘Passivation’’ and ‘‘X-ray photoelectron

spectroscopy’’ sections.

All electrochemical tests were conducted in a

400-mL corrosion cell using a PGSTAT 204 poten-

tiostat/galvanostat (Metrohm Autolab B.V.), as used

in [10]. Measurements were conducted using a con-

ventional three-electrode setup (electrolyte volume

250 mL), comprising a stainless steel counter elec-

trode, an Ag/AgCl (saturated 3 M KCl) reference

electrode, and the mild steel surface (surface area:

0.287 cm2) acting as the working electrode (Figure S1,

Supplementary Information) [10]. The steel surface

tested was the cut surface, not curved rebar surface.

The reference electrode was positioned near the sur-

face of the working electrode by means of a Luggin

capillary. All measurements were conducted at room

temperature (22 ± 2 �C) on at least two samples to

ensure reproducibility.

Passivation

Cyclic voltammetry

Cyclic voltammetry (CV) was conducted to charac-

terize the passive film formed on the steel surface

when exposed to solutions containing 0.80 M OH-

and varying concentrations of HS- (0 M, 0.01 M and

0.45 M). Additionally, to understand the influence of

OH- in sulfide-containing electrolytes, CV was also

conducted on mild steel disk specimens exposed to

solutions with increased concentrations of OH-

(1.12 M and 1.36 M) with 0.01 M HS-. The parame-

ters used to conduct CV in this study are identical to

the ones used in [10]. Before starting each test, the

steel was held at - 1.50 V versus Ag/AgCl (cathodic

limit: Ek,c) in the hydrogen evolution region for

10 min to ensure electrochemical cleaning of the

surface of the steel [10]. The electrochemical response

of the system was recorded when the potential was

cycled from - 1.50 (Ek,c) to 0.65 V (anodic limit: Ek,a),

at a scan rate of 2.5 mV/s for 5 cycles, taking into

account hydrogen and oxygen evolution at the

cathodic and anodic limits, respectively [10].

Open-circuit potential, linear polarization resistance

and anodic polarization

Mild steel disk specimens were exposed to solutions

containing 0.80 M OH- and varying concentrations

of HS- (0 M, 0.001 M, 0.01 M, 0.09 M and 0.45 M) in

Parafilm-sealed plastic vials within a vacuum desic-

cator, for 0, 5, 12 and 28 days, prior to electrochemical

testing. After each exposure duration, the steel

specimens were transferred to the cell for electro-

chemical testing in fresh electrolytes prepared with a

chemical composition matching the respective expo-

sure solution.

Electrochemical techniques were applied to each of

the steel specimens at each exposure time in the fol-

lowing order: (1) Open-circuit potential (OCP), (2)

linear polarization resistance (LPR) and (3) anodic

polarization. The parameters for each of the electro-

chemical techniques were identical to those used in

[10].

Prior to any electrochemical polarization technique

being applied, each sample was allowed to stabilize
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in the electrolyte inside the corrosion cell for 15 min

prior to testing [10]. The OCP was recorded for

30 min in the beginning of each experiment unless

the change in potential with time (dV/dt) reached

B 1 lV/s before 30 min. The OCP value reported in

each case is the mean potential recorded during the

last 60 s of the test [10].

LPR measurements were carried out by varying the

potential from - 20 to ? 20 mV versus the OCP

(scan rate of 0.167 mV/s and step potential

0.244 mV), and the current response was recorded

[10]. The polarization resistance (Rp) was calculated

using the modified Stern-Geary equations, Eqs. (1)

and (2):

Rp ¼
DE

DI

� �

DE!0

ð1Þ

icorr ¼
B

Rp
ð2Þ

where DE and DI are the changes in potential and

current, respectively, icorr is the corrosion current

density (A/cm2), and B is a proportionality constant

(V). From Eq. 1, the polarization resistance was cal-

culated by measuring the slope of the E–I plot [10].

The specimens were anodically polarized by

varying the potential from the OCP to ? 1.0 V with

the step potential and scan rate set at 0.244 mV and

0.167 mV/s, respectively, and the corresponding

current density was recorded [10].

X-ray photoelectron spectroscopy

Steel specimens were exposed to 0.80 M OH- solu-

tions with 0.01 M, 0.09 M, and 0.45 M HS- in Paraf-

ilm-sealed plastic vials within a vacuum desiccator,

for 5, 12 and 28 days. After each exposure duration,

the steel specimens were dried in nitrogen, then

wrapped in Parafilm and transferred to an airtight

container for transport to the X-ray photoelectron

spectroscopy (XPS) facility. The specimens were then

unwrapped, mounted onto the sample holder using

double-sided sticky conducting tape, and loaded into

the Kratos AXIS Supra spectrometer for the mea-

surements to be carried out under ultra-high

vacuum.

All measurements were carried out using an

achromatic Al Ka X-ray source, and data were

acquired from three points (each with diameter

800 lm) per specimen. Survey scans were collected

from 1200 to 0 eV binding energy, with a pass energy

of 160 eV, a step size of 1 eV, and an acquisition time

of 5 min for each measurement. High-resolution XPS

spectra were collected for iron (Fe 2p), oxygen (O 1 s),

carbon (C 1 s) and sulfur (S 2p), with a pass energy of

20 eV and a step size of 0.1 eV for each measurement

point over the appropriate energy range. The O 1 s

and C 1 s spectra were collected with 5 min acquisi-

tion time, whilst S 2p spectra was collected as two

sweeps of 5 min each and averaged, due to its lower

sensitivity. The Fe 2p spectra were also collected as

two sweeps of 5 min each and averaged, due to the

broader energy range of this peak. The intensity of

the acquired data was calibrated using a transmission

function characteristic of the spectrometer (deter-

mined using software from NPL). Casa-XPS software

(version 2.3.18PR1.0) was used to deconvolute and

curve-fit the spectra.

All high-resolution spectra were first calibrated to

the C 1 s signal at 284.8 eV. Optimal spectral basal

line and peaks were determined using the Shirley

background correction algorithm provided within

the software [29]. The 2p spectrum of Fe consists of

two peaks (a doublet structure), Fe 2p3/2 and Fe 2p1/2,

separated by approximately 13.8 eV [29]. Due to the

occurrence of satellite peaks between the two peaks,

only the Fe 2p3/2 peak was deconvoluted and curve

fitted. The S 2p spectrum also consists of a doublet

structure; however, the separation between the S 2p3/2
and S 2p1/2 is much smaller (* 1.18 eV) [30], and

therefore, both peaks were analyzed in this study.

The full width at half maximum (FWHM) of the S 2p1/

2 peak was constrained to be half of the S 2p3/2, and

the position of the S 2p1/2 peak was constrained to be

1.18 eV greater than the S 2p3/2 peak. A 80% Gaus-

sian, 20% Lorentzian peak model was used to fit the

Fe 2p3/2 and S 2p spectrums, as adopted by [30, 31].

Depassivation

An exposure scheme similar to that described in

‘‘Open circuit potential, linear polarization resistance

and anodic polarization’’ section was employed to

investigate the mechanism of chloride-induced cor-

rosion of mild steel in sulfide-containing alkaline

solutions. Steel specimens were exposed to each of

the test solutions without chloride (Table 1) in Par-

afilm-sealed plastic vials within a vacuum desiccator,

for 0, 5, 12 and 28 days prior to electrochemical

testing. After each exposure time, fresh electrolytes

14786 J Mater Sci (2021) 56:14783–14802



with the same composition as the exposure solution

were prepared, with the addition of NaCl at molar

ratios [Cl-]/[OH-] between 0 and 4.0, 0 and 3.5, and

0 and 3.5 for solutions 0.80 M OH-, 1.12 M OH-, and

1.36 M OH-, respectively.

Testing for OCP and anodic polarization was con-

ducted on these samples according to the methodol-

ogy described in ‘‘Open circuit potential, linear

polarization resistance and anodic polarization’’

section.

Results and discussion

Passivation

Cyclic voltammetry

Figure 1 shows five cyclic voltammetry scans

obtained for polished mild steel surfaces exposed to

highly alkaline solutions (0.80 M NaOH), as a func-

tion of the sulfide concentration (0 M, 0.01 M and

0.45 M HS-) in the electrolyte. An increase in the

potential in the positive direction from Ek,c to

- 1.20 V resulted in a significant increase in the

current density of the steel related to the evolution of

hydrogen bubbles at the steel surface and in the

solution (not shown in Fig. 1). The passivation

mechanism in alkaline solution without HS- (shown

in Fig. 1a) has already been discussed in [10], and

therefore will only be briefly revisited here.

In the case of mild steel immersed in alkaline

solutions without HS- (Fig. 1a), four anodic current

peaks were observed on increasing the potential from

- 1.20 V toward Ek,a, at approximately - 0.94 V

(denoted Peak I), - 0.89 V (Peak II), - 0.72 V (Peak

III) and - 0.67 V (Peak III’), and on reversing the

potential, cathodic current peaks were observed at

about - 0.96 V, - 1.05 V and - 1.14 V [10]. The

oxidation and reduction reactions corresponding to

these peaks have already been discussed in [10], and

the mechanism of passivation is given by Eq. 3:

Fe ! Fe OHð Þ
ads
! Fe OHð Þþ

ads
! HFeO�

2 ! Fe OHð Þ2
! FeOOH ! hydrated FeOOHorFe2O3

ð3Þ

As shown from Fig. 1, the current response of mild

steel in the anodic and cathodic directions was

observed to be significantly different when the elec-

trolyte contained HS-, in comparison with steel

immersed in electrolytes without HS-. Similar cyclic

voltammograms for steel exposed to alkaline solu-

tions containing sulfide have been observed by

Shoesmith et al. [32]. In the presence of HS- in the

electrolyte (Fig. 1b and Fig. 1c), the broad anodic

current peak, denoted as peaks I and II at - 0.94 V

and - 0.89 V, respectively in Fig. 1a, converted to a

doublet. Peak I shifted to lower potentials, approxi-

mately - 1.00 V, when the concentration of HS- in

the electrolyte was 0.01 M; and to an even lower

potential (- 1.05 V) when [HS-] was 0.45 M. The

position of the peak I did not change upon subse-

quent anodic sweeps; however, the current density

associated with the peak was observed to increase in

both electrolytes containing HS- (Fig. 1b and Fig. 1c).

Peak II, however, was observed to shift toward more

positive potentials with increasing anodic sweeps

(centered at - 0.89 V in the first anodic sweep, and at

around - 0.85 V in the fifth), for electrolytes con-

taining HS- (Fig. 1b and Fig. 1c). The current densi-

ties associated with peak II in Fig. 1b and Fig. 1c

decreased and increased, respectively, upon subse-

quent anodic sweeps and were observed to be of the

same value after the fifth scan in both cases.

With increasing concentration of HS-, the anodic

current peaks (Peak III and Peak III’) observed at

- 0.72 V and - 0.67 V were found to decrease in

peak current in the case of 0.01 M HS- solutions

(Fig. 1b), and completely disappeared in the case of

steel immersed in electrolytes containing 0.45 M HS-

(Fig. 1c). Additionally, in alkaline sulfide solutions,

an anodic current peak (Peak IV) was observed at

- 0.60 V and - 0.63 V in Fig. 1b and Fig. 1c,

respectively. As mentioned in [10], the potential

Table 1 Chemical

compositions of electrolytes

used to investigate the

mechanism of chloride-

induced corrosion in sulfide-

containing alkaline solutions

[OH-] (M) [HS-] (M) [HS-] (M) [HS-] (M) [HS-] (M) [Cl-] (M)

0.80 0.001 0.01 0.09 0.45 0 to 3.2

1.12 – 0.01 – 0.45 0 to 3.92

1.36 – 0.01 – 0.45 0 to 4.76

Chloride was only added in solutions used for electrochemical measurements

J Mater Sci (2021) 56:14783–14802 14787



sweep after peak III’ (not shown in Fig. 1a) in the

anodic direction was characterized by a constant and

relatively low anodic current until 0.55 V, at which

point a sharp rise in the current was observed due to

the evolution of oxygen evolution. In sulfide-con-

taining electrolytes (Fig. 1b and c), the current

response of the steel-solution interface due to polar-

ization above - 0.40 V was significantly different

from that observed in alkaline solutions without

sulfide, and this will be discussed in the following

paragraphs in detail.

In the cathodic (or reverse) sweep from Ek,a to Ek,c,

the influence of sulfide on the current response

(Fig. 1b and c) is much complex than in sulfide-free

alkaline solutions (Fig. 1a) and will be addressed in

more detail below.

Interpreting anodic response Based on the anodic

current response of the mild steel in alkaline solu-

tions containing 0.01 M and 0.45 M HS-, the oxida-

tion reactions occurring at the steel-solution interface

can be postulated and the nature of the passive film

can be determined. Comparing Fig. 1b and c with

Fig. 1a, the disappearance or diminishing of anodic

peaks III and III’ in the presence of sulfide is evident.

As mentioned in [10] and indicated in Eq. 3, peaks III

and III’ are associated with the formation of FeOOH

due to the oxidation of Fe(OH)2. The lower current

density of anodic peaks III and III’ in Fig. 1b, and

their absence from Fig. 1c, suggest that the presence

of HS- in alkaline electrolytes inhibits the formation

of FeOOH, Fe(OH)3 or Fe2O3�nH2O on the surface of

the steel, and instead forms a surface layer composed

Figure 1 Cyclic voltammograms obtained for mild steel exposed

to a 0.80 M OH-, b 0.80 227 M OH-
? 0.01 M HS-, and

c 0.80 M OH-
? 0.45 M HS-. Data were collected at a sweep

rate 228 of 2.5 mV/s. Arrows indicate the current responses in the

five scans; each identified response 229 is assigned a Roman

numeral for discussion in the text. Data from - 1.50 to - 1.20 V

in the 230 anodic sweeps are omitted to enable visibility of all

peaks. The red line indicates the first 231 scan, and subsequent

scans are represented by black lines.

14788 J Mater Sci (2021) 56:14783–14802



of Fe2? species [5, 32–34]. It is highly likely that

occurrence of peak I at more negative potentials with

increasing [HS-] is due to the competitive adsorption

of OH- and HS- species on the steel surface. Shoe-

smith et al. [32] also concluded that the formation of

Fe2? species instead of Fe3? oxide species indicate the

adsorption of HS-, in addition to OH-, on the steel

surface. They also linked this phenomenon to the

lower current density during the cathodic sweep at

potential values where hydrogen is released from the

water [32]. Another possible reason for the shift of

peak I to more negative potentials could be the

increased ionic strength of the electrolyte [35] with

increasing [HS-].

In the case of the broad anodic peak II, subsequent

anodic sweeps led to a decrease and increase in the

current density and the peak potential, respectively,

at 0.01 M HS-. However, at 0.45 M HS-, both the

current density and the peak potential were observed

to increase upon subsequent anodic sweeps. As this

peak is observed to form at the same potential of

- 0.89 V in the first anodic scan with HS- (Fig. 1b

and Fig. 1c) as in sulfide free electrolytes (Fig. 1a), it

is identified as showing the formation of Fe(OH)2
species on the steel surface. Additionally, the stabi-

lization of the peak current and the peak potential to

very similar values after the fifth scan in both Fig. 1b

and Fig. 1c suggests that peak II is only related to the

OH- species in the electrolyte.

Therefore, similar to the reaction route observed in

sulfide-free solutions described in [10], peaks I and II

in the case of sulfide-containing alkaline solutions

can possibly be described by Eqs. 4–9:

FeþOH� $ Fe OHð Þ½ �
ads
þe� ð4Þ

Fe OHð Þ½ �ads$ Fe OHð Þ½ �þ
ads
þe� ð5Þ

FeþHS� $ Fe HSð Þ½ �
ads
þe� ð6Þ

Fe HSð Þ½ �
ads
$ Fe HSð Þ½ �þ

ads
þe� ð7Þ

Fe OHð Þ½ �þ
ads
þ2OH� $ HFeO�

2 þH2O ð8Þ

HFeO�
2 þH2O $ Fe OHð Þ2

� �

þOH� ð9Þ

The reactions occurring at peak I can be described

by the competitive adsorption of OH- and HS- on

the steel surface forming an adsorbed layer of

Fe[OH]?ads and Fe[HS]?ads due to a double electron

transfer process. The relative amounts of Fe[HS]?ads

and Fe[OH]?ads adsorbed on the surface are depen-

dent on the concentration of HS- in the electrolyte

solution, with more Fe[HS]?ads adsorbing on the

surface at higher sulfide concentration [5, 32]. This is

also confirmed by the current density in peak I

observed for cyclic voltammograms obtained for

electrolytes with 1.12 M OH-
? 0.01 M HS-, and

1.36 M OH- and 0.01 M HS- (Figure S2, Supple-

mentary Information). As mentioned in [10], peak II

is primarily related to the [OH-] in the electrolyte,

and therefore can be attributed to adsorbed

Fe[OH]?ads species converting to Fe(OH)2 (as indi-

cated by Eqs. 8–9) in the presence or absence of HS-

(Fig. 1a, b and c).

There has been debate in the literature about the

designation of peaks I and II; several authors have

indicated that peaks I and II correspond to the for-

mation of Fe(OH)2 and Fe3O4, respectively

[5, 32, 33, 36, 37]. However, as shown in Fig. 1b and c,

the current density of peak I depends on the con-

centration of HS- (and also on [OH-], for a given

concentration of HS-), whereas the current density at

peak II depends on [OH-] but is independent of

[HS-] upon subsequent anodic sweeps. Therefore, it

is reasonable to identify that peak I corresponds to

the competitive adsorption of HS- and OH- on the

steel surface, and peak II corresponds to the forma-

tion of Fe(OH)2 via HFeO2
-. It is unlikely that at such

high alkalinity, the dehydroxylation of Fe(OH)2 to

yield Fe3O4 would occur.

The anodic peaks III and III’ diminish and disap-

pear with increasing HS- in the electrolyte due to the

highly reducing nature of HS-. In the case of alkaline

solutions without HS- (Fig. 1a), peak III is associated

with the formation of FeOOH and peak III’ is asso-

ciated with the hydration of FeOOH to Fe(OH)3, or

the formation of hydrous Fe2O3�nH2O, and the

amount of Fe3? species formed increases with

increasing [OH-] [10]. In the case of electrolytes

containing 0.01 M HS- (Fig. 1b), a smaller current

density is recorded at - 0.72 V and - 0.67 V when

compared to Fig. 1a, and like sulfide-free electrolytes,

the current density of peaks III and III’ in electrolytes

with 0.01 M HS- was observed to increase with

increasing [OH-] in the solution (Figure S2, Supple-

mentary Information). Therefore, peaks III and III’ in

Fig. 1b can be collectively described by Eqs. 10–12:

Fe OHð Þ
2

� �

þOH� $ FeOOH½ �
ads
þH2Oþ e� ð10Þ

2 FeOOH½ �
ads
$ Fe2O3 �H2Of g ð11Þ
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FeOOH½ �
ads
þH2O $ FeOOH �H2Of g ð12Þ

In the case of the relatively broad anodic current

peak IV observed in Fig. 1b and Fig. 1c, the current

density is observed to increase with increasing [HS-]

in the electrolyte, however did not change with the

alkalinity of the electrolyte (Figure S2, Supplemen-

tary Information), indicating that its occurrence was

related to the HS- in the electrolyte. This peak could

possibly be related to the formation of an Fe–S com-

plex on the steel surface and the following reaction

route (Eq. 13, 14) is proposed [5, 32]:

Fe HSð Þ½ �þ
ads
þHS� $ Fe HSð Þ

2ads

� �

ð13Þ

Fe HSð Þ
2ads

þOH� $ Fe� Scomplex
� �

þH2Oþ e�

ð14Þ

Under this mechanism, the adsorbed Fe[HS]?ads

reacts with the HS- in the electrolyte to form an

adsorbed layer of Fe[HS]2 [32], which then reacts

with the OH- in the electrolyte resulting in an Fe–S

complex [5] that can then transform upon

polarization.

This interpretation differs significantly from

mechanisms proposed in previous literature. Tro-

mans [38] suggested that the surface film formed on

mild steel in hot alkaline solutions containing sulfide

was composed of complex c-Fe3O4 with some sulfide

substitution for oxygen (c-Fe3O4-xSx). Conversely,

Shoesmith et al. [32] proposed the formation of an

iron oxide film (attributed to peak I in their study),

irrespective of the concentration of HS- in the elec-

trolyte, and attributed peak IV to the oxidation of

HS- to deposited elemental sulfur, following a

hypothesis posed in the earlier literature [39]. Shoe-

smith et al. [32] also claimed that the growth of iron

sulfide (mackinawite) species occurs at more anodic

potentials than peak IV, and at defect sites in the iron

oxide film formed, leading to pitting corrosion

[32, 40]. However, the oxidation of HS- to elemental

S involves the release of H?, which would decrease

the pH of the electrolyte. In the current study, the pH

of the electrolyte before and after the occurrence of

peak IV was constant at 13.85 (as shown in Figure S3,

Supplementary Information), with no acidification

observed, and therefore this sulfur deposition

mechanism at potentials close to peak IV

(* - 0.60 V) appears highly unlikely. Additionally,

the imposed potential required to deposit elemental

sulfur from the aqueous solution on the surface of the

steel was observed much higher than - 0.60 V (as

shown in Fig 2) and has been discussed in greater

detail in ‘‘Interpreting cathodic responses’’ sec-

tion. Therefore, in the case of electrolyte containing

0.01 M HS-, the identification that peak IV represents

the formation of a Fe–S complex on an FeOOH film is

supported.

At 0.45 M HS-, peak IV indicates that the surface

of the steel is essentially an Fe–S complex on a rela-

tively less stable Fe(OH)2 film, and the oxidation of Fe

to the ? 3 state is not possible. Upon increasing

[HS-] from 0.01 to 0.45 M, the anodic peak IV was

observed at a lower potential (- 0.63 V in Fig. 1c, cf.

- 0.60 V in Fig. 1b) due to the higher availability of

HS- at the steel-solution interface and the much

higher polarizability of the HS- than OH-, displacing

OH- from the steel-solution interface. A similar shift

has been observed by Shoesmith et al. [32] when

testing an electrolyte with 0.50 M HS-.

Interpreting cathodic responses For the data presented

in Fig. 1b and c, i.e., the current response of the sys-

tem for potentials lower than - 0.4 V, three reduction

peaks can be observed. In the case of solutions with

0.01 M HS- (Fig. 1b), two broad reduction peaks are

observed at approximately - 0.97 V and - 1.06 V,

and a distinct peak is observed at approximately

- 1.21 V. Upon subsequent cathodic sweeps, the

broad peaks centered at - 0.97 V and - 1.06 V

become more distinct. When the concentration of

HS- is increased to 0.45 M (Fig. 1c), the cathodic

sweep is characterized by three broad overlapping

peaks centered at approximately - 0.99 V, - 1.08 V

and - 1.23 V. The current density in the cathodic

sweep at potentials\- 1.25 V is much lower in the

presence of sulfide, suggesting a depressed release of

hydrogen due to the breakdown of water. However,

prior to attributing the cathodic peaks to specific

reduction reactions, it is necessary to understand the

anodic response of the steel-solution interface at

potentials[- 0.40 V in sulfide-containing solutions.

To this end, Fig 2 shows only the first cycle of the

cyclic voltammetry scans for mild steel exposed to

solutions of: (A) 0.80 M OH-, (B) 0.80 M OH--

? 0.01 M HS-, and (C) 0.80 M OH ? 0.45 M HS-.

For the purpose of visibility, data from Ek,c (- 1.50 V

vs. Ag/AgCl) to - 1.20 V are not shown. One of the

major differences evident between Fig 2a, b and c, is

the current response of the steel-solution interface at

potentials[- 0.40 V: at potentials between - 0.40

14790 J Mater Sci (2021) 56:14783–14802



and - 0.35 V, the anodic current density is much

higher for solutions with a higher [HS-], indicating a

lower extent of passivation in sulfide-containing

solutions. The anodic sweep from - 0.35 V toward

Ek,a in Fig. 2b, c is characterized by a broad peak

centered at potentials close to * - 0.05 V and a

sharp rise in the current density at * 0.30 V, occur-

ring as a shoulder at * 0.45 V, with the anodic peak

typical of oxygen evolution at 0.55 V. The absence of

these peaks in Fig. 2a, where the electrolyte did not

contain any HS-, indicates that they are primarily

related to the presence of HS- in the electrolyte

solution. The anodic peak at - 0.05 V and the sub-

sequent shoulder at 0.45 V are therefore associated

with the oxidation of dissolved HS- in the electrolyte.

Based on Fig. 2b, c, several oxidation reactions

could be proposed to be associated with the anodic

peaks at - 0.05 V and 0.45 V, and a plausible reaction

route can be described (Eq. 15–19) [32, 41, 42]:

xHS� $ S2�x þ xHþ þ 2x� 2ð Þe� 2\x\5 ð15Þ

S2�x þ 6OH� ! SO2�
3 þ x� 1ð ÞS0 þ 3H2Oþ 6e� ð16Þ

SO2�
3 þOH� $ HS� ¼ S2O

2�
3 þH2Oþ 2e� ð17Þ

SO2�
3 þOH� $ SO2�

4 þ 2e� þHþ ð18Þ

S2O
2�
3 þOH� þHS� $ SO2�

4 þH2Sþ 2e� ð19Þ

The pH of the bulk solution dropped significantly

from 13.85 to 12.97 when moving in the anodic

direction (as shown in Figure S3, Supplementary

Figure 2 First scan obtained for each sample during the cyclic

voltammetry measurements, for mild steel exposed to a 0.80 M

OH-, b 0.80 M OH-
? 0.01 M HS- and c 0.80 M

OH-
? 0.45 M HS-, highlighting the oxidation reactions

associated with anodic peaks at - 0.05 V and 0.45 V.
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Information) from - 0.35 V toward Ek,a, possibly due

to the formation of hydrogen ions during the occur-

rence of anodic current peaks at - 0.05 V and 0.45 V

(Eq. 15) [32, 43]. The release of H? ions during the

oxidation of HS- (Eq. 15) in the electrolyte at the

steel-solution interface may possibly lead to the

breakdown of the surface film formed due to the

oxidation reactions shown in Eqs. 4, 5, 6, 7, 8, 9, 10, 11,

12, 13, 14.

The polysulfide ions formed in the system are

oxidized to SO3
2- and elemental S (Eq. 16) [44, 45].

Shoesmith et al. [32] showed that the variation in

current density and the potential of the anodic peak

in their experiments were consistent with the depo-

sition of an elemental sulfur film [46], and the results

presented here are consistent with that argument. In

alkaline solutions, Avrahami and Golding [45]

observed that the oxidation of SO3
2- to either thio-

sulfate (S2O3
2-) (Eq. 17) or sulfate (SO4

2-) (Eq. 18) is

almost instantaneous, and the therefore, the rate

determining step is the oxidation of HS- to SO3
2-.

Subsequent oxidation of S2O3
2- to SO4

2-, as descri-

bed by Eq. 19, could also occur at potentials prior to

oxygen evolution and would be characterized by the

evolution of H2S. Equation 19 is primarily proposed

due to observation of a foul odor (due to the evolu-

tion of H2S), particularly when the potential was

increased from 0.40 to 0.6 V.

Another major difference between the cyclic

voltammograms of steel immersed in sulfide-con-

taining (Fig. 2b, c) and in sulfide-free solutions

(Fig. 2a) is the current density associated with the

evolution of oxygen at 0.55 V. The current density

observed due to oxygen evolution is significantly

higher in the presence of sulfide. This is attributed to

oxidation of reduced sulfur species at the steel-solu-

tion interface, and the removal of any deposited ele-

mental S on the surface of the steel during the

evolution of oxygen.

In sulfide-containing solutions (Fig. 2b, c), the

cathodic sweep from Ek,a toward Ek,c is characterized

by an unusual current density peak at - 0.02 V rep-

resenting an oxidation reaction rather than the usual

reduction reactions seen during the cathodic sweep

(as seen in [10] and in Fig. 2a). This unusual oxidation

peak is probably due to the oxidation of HS- at the

steel-solution interface as well as in the bulk solution.

As shown from Fig. 2b and Fig. 2c, this peak is

influenced by the concentration of HS- in the elec-

trolyte. In addition, the pH of the bulk solution

measured after the occurrence of this peak (particu-

larly in Fig. 2c) is around 12.4 (much lower than that

observed during the anodic sweep), indicating the

release of H? ions. Therefore, in the case of Fig. 2c,

the electrolyte solution is altered during the reverse

cathodic sweep, and the cathodic current peaks

observed in Fig. 1c cannot be directly attributed to

the reversal of the oxidation reactions in Eqs. 4–14.

However, for electrolytes containing 0.01 M HS-

(Fig. 2b, and Fig. 1b), the current density of the

unusual peak at - 0.02 V is almost zero, and the

cathodic peaks do represent the reversal of the anodic

processes. The cathodic peak observed in Fig. 1b

centered at - 1.21 V corresponds to the reduction of

the species formed in peak I (- 1.00 V), the reduction

peak at - 1.06 V corresponds to the reduction in the

species formed in peaks II, III and III’ (- 0.89 V,

- 0.72 V, and - 0.67 V), and the broad cathodic peak

at - 0.97 V corresponds to the anodic product

formed at - 0.60 V.

Based on the above discussion, it is important to

highlight that for sulfide-containing electrolytes and

particularly those representing the pore solution of

AAS, the original composition of the steel surface can

only be determined using the anodic response of the

first scan in a cyclic voltammetry test, as the chem-

istry of the electrolyte solution is altered significantly

during the reverse cathodic sweep. Therefore, for

steel immersed in simulated pore solutions repre-

sentative of AAS, the high concentration of HS- in

the pore solution clearly alters the chemistry of the

surface film, which in this case is primarily composed

of Fe2? species, with the inner layer being Fe(OH)2
and the outer layer being an Fe–S complex. It is

equally important to note that the oxidation mecha-

nism, under an applied potential, responsible for the

conversion of sulfide from the aqueous solution to

elemental sulfur and its deposition on the surface of

the steel occurs through an irreversible reaction at

approximately - 0.05 V versus Ag/AgCl, which is

much higher than the open circuit potential of the

steel (as shown in ‘‘Open circuit potential and linear

polarization resistance’’ section).

Open-circuit potential and linear polarization resistance

Figure 3a, b shows the influence of varying concen-

trations of HS- on the evolution of the OCP and

polarization resistance (Rp), obtained using LPR tests

method as described in ‘‘Passivation’’ section, of mild
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steel immersed in an alkaline solution over 28 days,

respectively. With an increase in [HS-], both OCP

and Rp were observed to decrease. In the sulfide-free

solution (0.80 M NaOH), the OCP increased from an

initial - 0.32 to - 0.12 V after 12 days, remaining

stable at this value. The addition of a very low con-

centration of HS- (0.001 M) gave similar behavior but

with stabilization at * - 0.22 V after 12 days. This

very low HS- concentration appears not to change

the passive film chemistry to a significant extent from

the sulfide-free case as described in ‘‘Cyclic voltam-

metry’’ section. In these alkaline solutions, with zero

and 0.001 M HS-, the polarization resistance was

relatively stable between 45 and 60 kX cm2 (Fig. 3b).

In the case of steel immersed in solutions containing

intermediate (0.01 M and 0.09 M) and high (0.45 M)

concentrations of HS-, the OCP was\- 0.40 V

(Fig. 3a). Similarly, measured Rp values were

observed to be significantly lower (Fig. 3b). In both

PC-slag blends [14, 18, 47] and alkali-activated fly

ash/slag blends [26, 48], an increase in the amount of

total reduced sulfur in the pore solution brings a

significant decrease in the amount of dissolved oxy-

gen in the electrolyte [14] and in the OCP of the steel

reinforcement. The reducing nature (or a reduction in

the dissolved oxygen content) of sulfide-containing

solutions has been confirmed by OCP measurements

of an inert iridium electrode (shown in Fig. 3a and

discussed in Sect. 5, Supplementary Information).

The observations in simulated pore solutions here

(Fig. 3a) are able to replicate this trend; in the case

designed to represent the pore solution of AAS

(0.80 M OH-
? 0.45 M HS-), the measured OCP of

- 0.71 V was very similar to values obtained by

analysis of steel embedded in AAS mortars

[27, 49, 50].

As shown in Fig. 3b, the polarization resistance for

mild steel in alkaline solutions decreases with an

increase in the concentration of HS- in the electrolyte,

which is consistent with literature data for steel

embedded in mortars with different binder types

[49]. On this basis, using the modified Stern-Geary

equation and using a proportionality constant

B value of 52 mV for steel in the passive state [51], the

corrosion current density (icorr) would be expected to

increase with increasing [HS-] [14]. The observation

of a lower Rp and higher current density for mild

steel in sulfide-containing alkaline solutions is also in

line with the cyclic voltammetry results described in

‘‘Cyclic voltammetry’’ section. However, the reason

for such low Rp values in solutions with high [HS-]

could also be related to the aqueous chemistry of the

electrolyte, and this will be revisited in detail below.

Anodic polarization

Figure 4 shows the influence of sulfide in alkaline

solutions on the anodic behavior of mild steel. As

shown in [10], the anodic polarization of mild steel in

Figure 3 Evolution of the a OCP and b polarization resistance

(Rp) values determined using the LPR test, for steel immersed in

0.80 M NaOH with varying concentrations of HS- as marked, and

error bars indicating the results of replicate measurements. The pH

values corresponding to these data points are reported in Table S1,

Supplementary Information. The data points indicated in (A) by

the star symbol refer to the OCP of an inert iridium electrode

(experimental details in Supplementary Information Sect. 5)

exposed to 0.80 M OH- (red star), 0.80 M OH-
? 0.01 M

HS- (magenta star), and 0.80 M OH-
? 0.45 M HS- (green

star).
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highly alkaline solutions without sulfide is charac-

terized by a clear transition from the active to the

passive and the trans-passive regions (denoted by the

red line in Fig. 4). The results for 0.001 M HS- again

follow the same trend as the sulfide-free case. With

increasing [HS-], a clear reduction in the OCP and a

significant increase in the current density is shown in

Fig. 4, in agreement with the findings from Fig. 3a, b

as discussed above. For solutions where [HS-]-

C 0.01 M, the active and the passive regions are not

readily identifiable; instead, the polarization of steel

in the anodic direction ([OCP) resulted in a sharp

rise in the current density until an anodic peak was

observed around - 0.05 V. Similar anodic polariza-

tion curves characterized by high current densities

were observed by Tromans [38] for steel immersed in

hot alkaline sulfide solutions but no direct passiva-

tion was seen. The presence of the anodic peak

at * - 0.05 V and a subsequent drop in the current

density at potentials[- 0.05 V can be taken to

confirm the deposition of S through the reaction

pathway described in Eq. 15 and Eq. 16, as discussed

above.

The formation of a passive film and/or corrosion

products depends on the kinetics of both the anodic

and cathodic half-cell reactions. In the case of steel in

alkaline solutions without sulfide (red line in Fig. 4),

the anodic polarization of the steel specimen leads to

the anodic dissolution of Fe, forming Fe2?, when the

potential is increased from the OCP to approximately

0.15 V (active region), and a region of constant cur-

rent density indicative of the formation of an Fe3?

passive film between 0.15 and 0.55 V. The strong

similarities between the anodic polarization of steel

in solutions containing [HS-] C 0.01 M and the cur-

rent response in the anodic sweep of the first cyclic

voltammetry scans (Fig. 2) at potentials[- 0.6 V

indicate that the increase in current density in Fig. 4

at potentials above the OCP is primarily due to the

oxidation of HS- species within the electrolyte. This

has been confirmed by anodic polarization tests done

on an inert iridium electrode in 0.80 M NaOH solu-

tions with and without sulfide (0 M, 0.01 M and

0.45 M HS-)—shown in Sect. 5, Supplementary

Information. Thus, the anode in these electrochemical

systems is identified as being the dissolved HS- that

can readily oxidize under an applied potential, rather

than Fe. This therefore explains the absence of Fe

dissolution features in the anodic polarization curves.

The fact that HS- is the anode in these electrochem-

ical systems is significant when considering the for-

mation of a macro-cell to initiate chloride-induced

corrosion of the steel reinforcement in concrete and is

addressed in detail below.

X-ray photoelectron spectroscopy

Figure 5 and Figures S4 and S5 (in Supplementary

Information) show deconvoluted S 2p and Fe 2p3/2
XPS spectra for the steel surfaces exposed to solutions

containing 0.80 M NaOH and varying sulfide con-

centrations, for 5, 12 and 28 days, respectively. When

steel is exposed to solutions containing 0.80 M

OH-
? 0.01 M HS- for 5 days (Fig. 5a), the S

2p spectra is characterized by S 2p3/2 peaks repre-

senting Fe2?S, Fe2?S/Fe2?Sn, FeSO3 and FeS2O3 cen-

tered at 160.98 eV, 162 eV, 164.6 eV and 166.4 eV,

respectively [8, 30, 52–54]. However, at higher [HS-]

(Fig. 5c, e), the S 2p spectra exhibit only the 160.98 eV

and 162 eV peaks, indicating the presence of only

Fe2?S and Fe2?S/Fe2?Sn species on the surface of the

steel [8, 30, 52–54]. As the high HS- concentration

creates a highly reducing environment around the

steel surface (Fig. 3) and due to the extremely low

amount of dissolved oxygen at the steel-solution

interface [14], oxidized sulfur species are not

observed. Comparing the intensities of the S 2p3/2
peaks associated with Fe2?S and Fe2?S/Fe2?Sn in Fig

5 a, c, e, it is clear that the formation of Fe2?S is

preferred at higher [HS-], consistent with the

Figure 4 Influence of sulfide (concentrations as marked) on the

anodic polarization behavior of obtained mild steel immersed in

0.80 M NaOH.
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discussion of the Fe–S complex identified from the

cyclic voltammograms (Fig. 1). The formation of

Fe2?S/Fe2?Sn in solutions containing 0.09 M and

0.45 M HS- could possibly be due to the oxidation of

Fe2?S species during experimentation [8, 30, 52–54].

Increasing the exposure time in each solution to

12 days and 28 days, almost no changes were

observed in the S 2p3/2 peaks, and Fe2?S persisted

throughout the duration of exposure in solutions

containing 0.09 M and 0.45 M HS- (as shown in

Figure S4 and Figure S5, presented in Supplementary

Information). Holloway and Sykes [27] suggested

that the oxidation of HS- to elemental sulfur could be

possible in AAS, with implications for inhibition of

pitting corrosion. However, Fig 5e (presented here),

Figure S4E, and Figure S5E (in Supplementary

Information) show that the surface film formed on

steel exposed to 0.80 M OH-
? 0.45 M HS-,

Figure 5 S 2p and Fe 2p3/2
XPS spectra of steel specimens

exposed to alkaline sulfide

solutions for 5 days. a and

b show the S 2p and Fe 2p3/2
spectra, respectively, for steel

immersed in 0.80 M

OH-
? 0.01 M HS-; c and

d show the S 2p and Fe 2p3/2
spectra, respectively, for steel

immersed in 0.80 M

OH-
? 0.09 M HS-; and

e and f show the S 2p and Fe

2p3/2 spectra, respectively, for

steel immersed in 0.80 M

OH-
? 0.45 M HS-.
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replicating AAS pore fluids, contained sulfur only in

the form of Fe–S complexes without the deposition of

elemental sulfur. This observation is supported by

the cyclic voltammograms (Fig. 2) and the anodic

polarization curves (Fig. 4), where the deposition of

sulfur occurs at around - 0.05 V versus Ag/AgCl,

and not at a potential close to the OCP, which is

between - 0.40 and - 0.70 V. Therefore, it would be

reasonable to only expect deposition of elemental

sulfur when the surface of the steel is exposed to

significant quantities of dissolved oxygen or under

polarization, and not under normal circumstances

when the OCP of the steel in AAS concretes is

between - 0.40 and - 0.70 V.

The deconvolution of the Fe 2p3/2 spectra (as shown

in Fig. 5b, d, f {presented here}; Figure S4B, D, F; and

Figure S5A, C, F {in Supplementary Information})

yielded peaks characteristic of Fe0, Fe2?S/Fe2?Sn and

FeOOH species [8, 30, 52–54] for all exposure solu-

tions and for all durations of exposure. The decon-

volution of the Fe 2p3/2 peak was much more

complex, primarily due to its broad nature and the

very large background observed in this energy range.

Based on the analysis of the S 2p3/2 peaks observed in

all electrolytes (given that much of the sulfur in

solution and on the surface of steel remain in the

reduced state—reflecting conditions with extremely

low concentrations of dissolved oxygen) and the OCP

values observed in Fig. 3a, the precipitation of

FeOOH species in these electrolytes is highly unli-

kely. Thus, the Fe 2p3/2 XPS features associated with

FeOOH are primarily related to the oxidation of

Fe(OH)2 species during experimentation/handling,

which is consistent with the hypothesis of the inner

layer of the surface film being comprised of Fe(OH)2.

The data in Fig. 5b, d, f (presented here); Figure S4B,

D, F; and Figure S5A, C, F (in Supplementary Infor-

mation) show that upon increasing the concentration

of HS- in the exposure solution, a stable Fe–S species

precipitates on the steel surface, in good agreement

with the analysis of the S 2p3/2 spectra.

Depassivation and its causes

Based on the OCP and Rp of mild steel exposed to

alkaline solutions containing sulfide (Fig. 3a, b), in

conjunction with the guidance of ASTM C876-15 [55]

and recommendations of other authors [56, 57], it

may appear an increase in the HS- concentration in

the electrolyte leads to an increased susceptibility of

the steel to chloride-induced corrosion. However, it

must be considered that these conventional guideli-

nes [55–57] were developed for plain Portland

cement, where the electrochemical system does not

contain redox-active species other than Fe2?. It is

therefore very important to consider the influence of

an additional redox active species (i.e., HS-) on the

passive layer characteristics that determine the onset

of chloride-induced corrosion. To this end, the

influences of HS- and exposure time (which have

been observed above to define the nature of the

passive layer) on the chloride threshold value were

investigated. Mild steel specimens were exposed to

alkaline solutions (0.80 M OH-) with varying con-

centrations of HS- (0.001 M, 0.01 M, 0.09 M and

0.45 M HS-) for 0, 5, 12 and 28 days. After each

exposure duration, the exposure solution was chan-

ged to a freshly prepared electrolytes with the same

composition as the exposure solution, but with and

varying chloride concentrations. OCP and anodic

polarization testing were then carried out on the steel

specimens.

Table 2 shows the chloride threshold values

determined for mild steel exposed to alkaline sulfide

solutions for various durations. The chloride thresh-

old value in each case is defined as the concentration

of chloride in the electrolyte that causes a sudden rise

in the current density upon the anodic polarization of

mild steel from its OCP to ? 1.00 V versus OCP. As

given in Table 2, the chloride threshold values for

mild steel are dependent on the time of exposure as

well as [HS-]. For mild steel exposed to an electrolyte

containing 0.80 OH-
? 0.001 M HS-, the chloride

threshold value (expressed in terms of the molar ratio

[Cl-]/[OH-]) was observed to increase significantly

from 0.70 at 0 days, to a value[ 3.50 (the maximum

[Cl-]/[OH-] achievable in the electrolyte due to

solubility limitations) at 5 days or more. When the

steel was exposed to electrolytes containing inter-

mediate concentrations of HS- (0.01 M and 0.09 M),

the chloride threshold values were found to vary as a

function of time, and no apparent relationship

between exposure time and chloride threshold value

was observed. Interestingly and surprisingly, chlo-

ride-induced corrosion or pitting was not observed

on mild steels exposed to electrolytes contained

0.45 M HS- at any chloride content tested up to sat-

uration, independent of exposure time. These obser-

vations are sharp contrast with the OCP and Rp

values (Fig. 3a, b) for steel in alkaline solutions
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containing 0.01 M, 0.09 M and 0.45 M HS- without

chloride, as a lower OCP and Rp would convention-

ally be taken to indicate a higher susceptibility to

corrosion.

Figure 6 shows the OCP of mild steel as a function

of the concentrations of HS-, OH-, and Cl- in the

electrolyte, and of the time of exposure. In line with

observations from Fig. 3a, b, the OCP (Fig. 6) was

observed to decrease with an increase in [HS-]/

[OH-], but the OCP values in Fig. 6 are very similar

to those observed for steel immersed in solutions

without chloride, Fig. 3a. This indicates that the

chloride concentration in sulfide-containing alkaline

solutions has negligible influence on the OCP, unlike

the behavior of steel in alkaline sulfide-free solutions

[10] where the OCP suddenly decreases when the

chloride concentration in the electrolyte reaches a

given threshold value. The absence of such an effect

in the presence of sulfide is particularly clear from

the very similar OCP values of steel samples that

exhibit chloride-induced pitting, and those are pas-

sive, at [HS-] = 0.01 M and 0.09 M (shaded red

region in Fig. 6). Chloride-induced pitting was

observed mostly in electrolytes with molar ratios

[HS-]/[OH-] between 0.007 and 0.1125, which is

identified as the region where the probability of steel

undergoing chloride-induced pitting is the highest

among all the electrolytes considered in this study.

Similar observations have been made by several

authors for steel embedded in AAS and PC. Hol-

loway and Sykes [27] studied the corrosion behavior

of steel in AAS mortars containing admixed chloride,

and did not observe well-defined trends for either

icorr or OCP as a function of the chloride concentra-

tion. The OCP values in their AAS mortars with

chloride concentrations as high as 8 wt % remained

as low as those observed in mortars containing no

chloride [27]. Criado et al. [50] identified that for

steel-reinforced AAS, immersion of mortar speci-

mens in alkaline solutions with and without chloride

made no difference to the measured OCP values,

which remained at around - 0.60 V versus Ag/

AgCl. Higher apparent corrosion rates [58], higher

icorr and lower Rp values [48, 50], but without any

visual evidence of corrosion, have also been reported

for steel-reinforced AAS exposed to chloride

Table 2 Influence of [HS-] and exposure time on the ‘‘chloride

threshold’’ value of mild steel, represented as the molar ratio [Cl-]/

[OH-] which induces pitting corrosion, as determined using anodic

polarization. Cases where chloride-induced corrosion was not

observed for electrolytes with [Cl-]/[OH-] = 3.5 have been classified

as ‘‘No Pitting’’

Exposure

time

0.80 M

OH-
? 0.001 M

HS-

0.80 M

OH-
? 0.01 M

HS-

1.12 M

OH-
? 0.01 M

HS-

1.36 M

OH-
? 0.01 M

HS-

0.80 M

OH-
? 0.09 M

HS-

0.80 M

OH-
? 0.45 M

HS-

0 days 0.7 2.5 2.7 2.8 3.1 No pitting

5 days No pitting 3 2.9 3.1 3 No pitting

12 days No pitting 2.8 2.3 2.8 3 No pitting

28 days No pitting 2 2.2 2.6 3.2 No pitting

Figure 6 OCP of mild steel exposed to highly alkaline solutions

(0.80 M, 1.12 M and 1.36 M OH-), with varying concentrations

of HS- (0.001 M, 0.01 M, 0.09 M and 0.45 M) and Cl- (0—4 in

terms of [Cl-]/[OH-]), after 0, 5, 12 and 28 days exposure. The

solid symbols denote the steel samples exhibiting no corrosion,

whereas the hollow symbols indicate stable or

metastable chloride-induced pitting. The transparent red shaded

area in (A) indicates the region where the susceptibility to

chloride-induced corrosion is the highest.
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solutions, in comparison with the measurements of

these parameters in PC specimens. This leads to the

conclusion that under reducing conditions and in the

presence of dissolved HS-, measured values of Rp

and calculated values of icorr (Figure S7, Supple-

mentary Information) are determined by the aqueous

chemistry of the electrolyte at the steel-solution

interface, and not necessarily the actual corrosion

resistance of the steel. In particular, these values

correspond mainly to the oxidation of the HS- spe-

cies in the electrolyte (and not exclusively to the

redox couple of Fe/Fe2?), which takes place because

of the potential imposed in the electrochemical test

procedure used to determine these parameters.

This has been confirmed by the anodic polarization

behavior of iridium (Figure S6) and steel in alkaline

sulfide-containing solutions (Fig. 4), where the anodic

polarization curves were characterized by a contin-

uous increase in the current density when increasing

the potential in the anodic direction from the OCP.

This rise in the current density is primarily because

the HS- in the electrolyte, due to its high polariz-

ability, becomes the anode instead of Fe. This phe-

nomenon is analogous to the action of some bacteria

that are capable of depleting the oxygen content in an

electrolyte and create a highly reducing environment

around the metal [59, 60]. This leads to the suppres-

sion of the cathodic reduction of oxygen and a

slowdown in the dissolution of metal ions; in such

systems, the bacteria act as the anode [61].

From the results shown in Fig. 6 and Figure S7

(Supplementary Information), and the body of liter-

ature data [27, 48–50, 58, 62], it is evident that the

mechanisms of chloride-induced corrosion of mild

steel in alkaline solutions containing HS- are much

complex than those in sulfide-free solutions. Thus,

the conventional electrochemical tools applied to the

detection of corrosion of steel reinforcement in con-

cretes, being OCP measurements, application of LPR

to determine Rp, and calculation of icorr from the

modified Stern-Geary equation (Eq. 2), do not give

useful information about whether the steel is at risk

of chloride-induced pitting.

An increase in the concentration of reduced sulfur

in the electrolyte leads to a decrease in the amount of

dissolved oxygen at the steel-solution interface, and

consequentially a reduction in the OCP [14] (Fig. 3a).

This will inhibit the development of a passive film

based on iron oxides, as is conventionally observed in

sulfide-free alkaline solutions. Instead, as shown in

Fig. 1, a sulfidic surface film develops. The suppres-

sion of the cathodic reduction in oxygen prevents the

formation of a macro-cell on the surface of the steel

and would restrict the onset of chloride induced

corrosion. The inhibition of macro-cell formation is

highly dependent on the concentration of HS- in the

electrolyte: for a given concentration of chloride, the

susceptibility to chloride-induced corrosion is the

highest when the molar ratio of [HS-]/[OH-] in the

electrolyte is between 0.007 and 0.1125 (mildly

reducing), and the lowest for electrolytes with molar

ratios of [HS-]/[OH-] C 0.33 (highly reducing).

Based on pore fluid extraction data available in the

literature [2, 3, 63], the mildly reducing electrolytes

([HS-]/[OH-] ratios between 0.007 and 0.1125) in

this study are intended to represent pore solutions of

alkali-activated fly ash-slag blends (and approach the

redox environment of PC-slag blends although at a

much higher alkalinity), while the highly reducing

electrolytes ([HS-]/[OH-] C 0.33) represent the pore

solutions of AAS. The highly reducing nature of HS-

in the pore solutions of AAS does not allow the steel

to passivate in the conventional way through oxide

film formation, but also prevents the steel from

undergoing chloride-induced pitting by suppressing

the formation of a macro-cell. However, in the mildly

reducing binders, the onset of pitting is much likely

to occur due to the imperfect passivation capability of

the binder, as well as the ability of the system to

sustain the cathodic reaction of oxygen reduction,

leading to the formation of a macro-cell. Similar

observations have been reported by various authors

[14, 26, 64], indicating a higher susceptibility of steel

to chloride-induced corrosion for binders with mildly

reducing pore solutions when compared to binders

with highly oxidizing or highly reducing pore solu-

tions. However, as the onset of chloride-induced

corrosion is highly dependent on the availability of

dissolved oxygen at the steel–concrete interface, the

transport of oxygen through the binder is also highly

influential in defining the actual resistance to corro-

sion initiation, which is likely to account for the well-

documented excellent durability of PC-slag blends, as

these cements are known to yield concretes with high

mass transport resistance [65, 66]. This discussion

highlights the complexity associated with using

simple chemical arguments to make broad predic-

tions related to concrete durability. Nonetheless, the

key underpinning chemistry elucidated in this paper

is an essential component of any such analysis.
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Conclusions

The presence of HS- in alkaline electrolytes alters not

only the passivation behavior of mild steel, but also

the mechanism of chloride-induced corrosion. In

alkaline solutions containing sulfide, the competitive

adsorption of [OH-] and [HS-] inhibits and retards

the formation of a passive film composed of iron

oxides, and instead forms an Fe–S complex. In these

solutions, the mechanism of forming a surface film

can be described as:

Fe + OH� þHS� ! Fe OHð Þ
ads
þ Fe HSð Þ

ads

! Fe OHð Þþ
ads
þ Fe HSð Þþ

ads

! Fe OHð Þ
2
þ Fe HSð Þ

2;ads

! hydrated FeOOH and Fe
� S complex

The likelihood of formation of a hydrated FeOOH

layer is high when the concentration of HS- in the

electrolyte is below 0.01 M. In the case of alkaline

solutions with [HS-] C 0.09 M, the surface film is

characterized by a stable Fe–S complex. Therefore,

passivation in these electrolytes strongly depends on

the availability of dissolved oxygen at the steel-so-

lution interface.

Chloride-induced corrosion was observed to occur

only for steel exposed to solutions with [HS-]/[OH-]

between 0.007 and 0.1125 at the alkalinity levels

studied here (NaOH concentrations from 0.80 to

1.36 M), when testing chloride concentrations up to

saturation with respect to NaCl. In solutions with

[HS-]/[OH-] C 0.33, intended to represent the pore

solutions of alkali-activated slag cements, chloride-

induced corrosion was not observed at any chloride

concentration. This was suggested to be due to the

highly reducing environments created by the HS- at

the steel-solution interface and the restriction of the

cathodic reaction, thereby inhibiting the formation of

macro-cells that would be needed to initiate pitting.

This process, rather than the deposition of elemental

sulfur, is responsible for the inhibition of chloride-

induced corrosion.

Additionally, it has been shown that in the pres-

ence of high concentrations of HS-, the onset of

chloride induced corrosion cannot be easily detected

by conventional electrochemical measurements of Rp

or icorr, as these tend to be dominated by the oxida-

tion of dissolved HS- upon the application of a

potential. Additionally, no apparent correlation

between the concentration of chloride ions in the

solution and the OCP was observed. Therefore,

interpretation of electrochemical data obtained for

aqueous systems containing HS- based on standard

guidelines that assume Fe to be the sole redox-active

species would lead to misleading conclusions

regarding whether the steel is in the passive or the

active state.
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