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Sugarcane bagasse ash sand (SBAS) can be used as a bioadditive in concrete. However, little is known
about its effects on the steel corrosion process. This paper reports the evaluation of the corrosion sus-
ceptibilities of steel immersed in simulate concrete pore solutions, with addition of SBAS, to understand
the corrosion process in reinforced structure. The open-circuit potential profiles and polarisation curves
suggested the favourable formation of a passive film on the steel immersed in the SBAS-containing
medium. Electrochemical impedance spectroscopy confirmed that the SBAS-containing medium pre-
sents better passivating properties, showing that this recycled material can be used as corrosion inhibitor
for reinforced concrete, encouraging its use in the civil industry.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

To realise economy decarbonisation in Brazil, the sugarcane
industry has been stimulated following the increasing demands for
ethanol, which is largely used in the country as a biofuel. World-
wide, the sugarcane crop has increased by 23.3% since 2009, and
Brazil, India, and Thailand reported record production outputs in
2017 (USDA, 2017). As the largest sugarcane producer in the world,
Brazil harvested 665.6 million tons of sugarcane in 2016 (Farias and
Costa, 2018). However, the entire sugar and ethanol manufacturing
framework generates high amounts of waste every year, withmajor
concerns regarding the appropriate disposal and/or re-utilisation of
these residues.

The direct residue from sugarcane milling is bagasse, which is
mainly burned in incinerators to produce heat and electricity that
are fed back to the processing plant. As the final waste from the
burning process, approximately 4million tons of sugarcane bagasse
ash sand (SBAS) was generated in 2016 (de Souza, 2017; Farias and
. Sales, M.A.M. Rezende et al.
ournal of Cleaner Production
Costa, 2018). Environmentally friendly solutions have been pro-
posed for the strategic utilisation of SBAS, such as its use as an
additive in different composites, where it is known to produce
enhanced mechanical properties in the final bio-material (Anupam
et al., 2013; Oz�orio et al., 2015; Santos et al., 2014). To the best of our
knowledge, our research group is the first to propose a particular
interesting destination for SBAS, which is the application of such
waste as a fine aggregate in mortars, leading to an efficient way to
replace natural sand in the formulation of concrete, and ultimately
reducing the macro pores (Moretti et al., 2018), enhancing its me-
chanical, and other physical properties (Almeida et al., 2015; Lima
et al., 2011; Moretti et al., 2016).

In addition to their physical and mechanical properties, another
aspect of greener concretes that should be studied is their sus-
ceptibility to corrosion. Reinforcement corrosion, which has been
widely reported in the literature over the last two to three decades,
has been studied from different perspectives and considering
several factors such as the chloride exposure, carbonation, gas
penetration, and concrete ingredients (Ahmad, 2003; Hornbostel
et al., 2013; Liu et al., 2014; Song and Saraswathy, 2007). In
contrast, fewer papers can be found on the corrosion of materials
that have waste in their formulation. However, this type of study is
, Impact of agro-industrial waste on steel corrosion susceptibility in
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Fig. 1. Schematic representation of the process for obtaining the simulated concrete
pore solution.

Table 1
Physical-chemical properties of concrete pore solutions (CPS) obtained.

CPS pH Ionic conductivity (mS cm�1)

REF 12.49 ± 0.01 11.1 ± 0.2
SBAS 12.44 ± 0.01 10.9 ± 0.2
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essential in view of the significantly different chemical composi-
tions they present. Therefore, and for the sake of their applicability
in the construction industry, it is fundamental to guarantee that
bio-concrete also conforms to quality standards in terms of its
resistance to corrosion.

In order to further investigate the impact of using SBAS in the
mortar formulation, and therefore spot the practical effects of using
biomass-containing concrete in civil construction, this paper pre-
sents an electrochemical approach to study the durability of carbon
steel reinforcements in the presence of SBAS compared to that in a
SBAS-free medium. It focused on analysing the initial stages of the
passive film formation on carbon steel reinforcements in contact
with simulated concrete pore solutions (CPSs) with or without
SBAS in their compositions. Electrochemical, physical, and
morphological characterisations were performed on both mate-
rials. Rather than using mortar as a medium, it performed the an-
alyses using CPSs, which exhibit much lower resistivity and
equivalent results compared to those from analyses performed in
concrete matrices (Ghods et al., 2009; Lee et al., 2018; Toujas et al.,
2017; Yonezawa et al., 1988). In this way, a simpler and faster
methodology could be applied to investigate the formation of a
passive film on steel, thereby contributing to the current under-
standing of the impact of the medium on the proneness of rebar to
the corrosion process.

2. Experimental

2.1. Test samples

The solution used as simulated CPSs were obtained from the
aqueous soluble phase of the dry precursors, which in this case
were SBAS-free mortar (fine and coarse sands and cement) and
SBAS-containing mortar (fine and coarse sands, SBAS and cement).
The resulting CPSs are herein referred to as REF and SBAS, respec-
tively. The cement and natural sand had a 1:3 mass proportion in
the reference mortar matrix. In the SBAS-containing mortar pre-
cursor, 30% of the natural sand (wt%) was replaced by SBAS, a
composition previously demonstrated to provide the resulting
concrete with the optimum mechanical and physical features
(Almeida et al., 2015).

The cement used was CPV-ARI (Portland cement with a high
early strength and a chemical composition (wt%) of 64.0% CaO,
19.2% SiO2, 5.0% Al2O3, 3.2% Fe2O3, 2.8% SO3, 2.4% CO2, 0.6% MgO,
0.6% K2O, and 0.1% Na2O). The SBAS used was standardised by
sieving (with a 4.8 mm mesh) and grinding in a ball mill. The
resulting chemical composition (wt%) after this process was 91.30%
SiO2, 3.0% Fe2O3, 0.5% K2O, 2.3% Al2O3, 0.4% CaO, 0.2%MgO, and 0.9%
TiO2 with a 1.3% loss on ignition. The fine and medium sand
employed were both obtained from the S~ao Carlos City area. CPSs
were obtained by mixing the mortar matrices with ultra-pure
water at a ratio of 3:10 (wt%), followed by mechanical stirring for
24 h (Feng et al., 2017). The resulting supernatant fluids were then
filtered and used for the measurements as the concrete pore so-
lutions. Fig. 1 schematically illustrates the process of simulated
CPSs obtaining. The ionic conductivities and pHs of these solutions
were determined and are listed in Table 1 as mean values, obtained
from a triplicate analysis.

2.2. Methods

All of the electrochemical characterisations were performed in a
conventional three-electrode glass cell, at 20 �C, using an Autolab-
PGSTAT20 potentiostat/galvanostat equipped with an FRA32
module. As the working electrode, a corrugated steel rebar (AISI
1018, Gerdau) typically used in civil construction was cut into
2

5 mm-diameter rods and embedded in epoxy resin, leaving an
exposed metallic surface of 0.211 cm2 (geometric area). The
chemical composition of the steel used in this work was deter-
mined by atomic absorption spectroscopy (Inductar CS cube ana-
lyser) as follows: 0.150% C, 0.656%Mn, 0.209% Si, 0.022% P, 0.015% S,
and 98.948% Fe. The steel samples were cleaned according to the
ASTM standard procedure G1-03 (International, 2017). Prior to the
measurements, theworking electrodewas abradedwith sandpaper
up to 1200 grit, polished with 0.25 mm alumina, and rinsed with
deionised water in an ultrasonic bath. Hg/HgO/KOH (1mol L�1) was
employed as the reference electrode (RE), and a large area Pt wire
was used as the auxiliary electrode (AE). The solutions were aerated
for 10 min and maintained under an atmospheric air flow during
the tests.

The open-circuit potential (OCP) was monitored for 5 consecu-
tive days. Potentiodynamic polarisation tests at 0.5 mV s�1 were
performed between �200 mV and þ1200 mV from the value
observed as the OCP, in each case, always starting from the negative
and moving toward the positive potential limit. The corrosion
current density (jcor) was determined using the method described
by McCafferty (Mansfeld, 1976; McCafferty, 2005). The Tafel line of
the anodic polarisation curve can be calculated expanding the
anodic linear region to potentials below the corrosion potential,
and then the anodic current density ia (net experimental) is
calculated from (McCafferty, 2005):

iaðnet experimentalÞ¼ iaðexperimentalÞ � jicðexpandedÞj (1)

The polarisation resistance Rp as determined from the
SterneGeary constant B, can be calculated as follows (Mansfeld,
1976):

Rp ¼ B
jcor

(2)

The pitting potential, Epit, was also determined from the polar-
isation curves. This was the potential where the current density
suddenly increased (pitting initiation) (Shanlin, 2016).

Electrochemical impedance spectroscopy (EIS) was performed
at the OCP, in the frequency range of 10 kHz to 10 mHz, applying an
ACmodulation of 10 mV, and the frequency sampling was 10 points
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per decade. All of the EIS spectra were curve-fitted using ZView
software.

The ex situ characterisation of the working electrode surface
immersed in the different CPSs here investigated was also con-
ducted at different immersion periods. The morphology and
elemental composition of the passive films formed were investi-
gated using scanning electron microscopy (SEM) coupled to energy
dispersive spectrometry (EDS) [Inspect-50, ZEISS]. X-ray diffracto-
grams were obtained using a Rigaku-Rint 2000 diffractometer. X-
ray photoelectron spectroscopy (XPS) were performed on spec-
trometer Scienta Omicron, model ESCA 2SR, with Mg Ka mono-
chromator as the incident photon energy.
3. Results and discussion

3.1. Open-circuit potential evolution profile and potentiodynamic
polarisation

The OCP transients, as an important parameter to evaluate the
susceptibility to corrosion (Taji et al., 2019), were monitored at
regular intervals during the 5 days of the steel samples immersed in
the REF and SBAS concrete pore solutions as the CPSs. The re-
sponses of a set of two prepared samples of each CPS are shown in
Fig. 2A. The mean OCP values recorded for the system in SBAS were
found to be approximately 100 mV less negative than in the control
sample (REF) during the initial two days of measurements. This
observation was also valid for the final two days of measurements,
where the difference in the OCP reached as high as 150 mV.

It should be noted that the OCP values measured in both solu-
tions showed dramatic changes for the first 70 h. In the system
containing the SBAS solution, a sharp increase in the OCP during
the first 5 h (þ25 mV h�1) was observed. A rather slower variation
of the OCP followed in the subsequent days, at a rate of
approximately þ4 mV h�1, until it reached a steady-state from the
third day on, at þ40 mV (vs. Hg/HgO/1 M KOH). On the other hand,
the data obtained using REF as the electrolyte showed a much
steeper increase in the OCP for the initial 66 h, with a rate of
approximately þ18 mV h�1. Interestingly, in this system, a plateau
indicating the apparent stabilisation of the OCP was detected after
48 h of immersion, followed by a steady decrease in the OCP,
reaching a rate of less than �0.5 mV h�1 in the final monitoring
Fig. 2. (A) Evolution of open-circuit potential (OCP) values as function of immersion
time of AISI 1018 steel samples in sugarcane bagasse ash sand (SBAS) and reference
(REF) simulated concrete pore solutions. Optical micrographs of AISI 1018 steel before
(B) and after 5 days of immersion in SBAS (C) and REF (D) solutions.
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period. Because the OCP presents the tendency of a material to
undergo electrochemical reactions with the surrounding medium,
a nobler equilibrium OCP value and more stable OCP transient
profile indicate a surface that is less susceptible to the corrosion
process. In this way, the results suggested that REF was a rather
more corrosive medium than SBAS. Despite the fact that no clear
indication of the corrosion characteristic of the solution can be
inferred from the pH or conductivity values given in Table 1, the
OCP monitoring was commonly used to this very end. Overall, the
less negative OCP values and the transient profile recorded for the
SBAS-containing sample showed the greater susceptibility to the
growth of a passivating film on the steel immersed in SBAS
compared to that in the REF medium. Thus, the corrosion process
was more inhibited in SBAS in comparison to the SBAS-free
medium.

In addition, light-field optical microscopy images of the working
electrode after 5 days are depicted in Fig. 2BeD. Although the re-
sults of this qualitative analysis cannot be used to determine the
nature of the developed coating films with absolute certainty, it is
clear that a more homogenous and opaque film was formed in the
SBAS-containing medium compared to the case of the SBAS-free
medium, as shown by the comparative analysis results of Fig. 2C
and D. Considering the Pourbaix diagram (Refait et al., 1998), it is
plausible to expect the film growth to be a result of the formation of
iron (hydro)oxides. According to the literature (Zhang and Cheng,
2009), corrosion products on steel are expected to contain both
FeOOH and Fe2O3. The anodic process is characterised by the
dissolution of iron (Wang et al., 2019):

Fe / Fe2þ þ 2e� R1

The iron ions combine with hydroxide ions to form Fe(OH)2
corrosion scales:

Fe2þ þ2OH�/FeðOHÞ2 R2

Fe(OH)2 can first be oxidised to form FeOOH. Then, because
FeOOH is unstable, it oxidises to Fe2O3 in the presence of oxygen, as
described by R3 and R4:

2 FeðOHÞ2 þ 1 =2O2/2 FeOOHþ H2O R3

2 FeOOH/ Fe2O3 þ H2O R4

On the other hand, a cathodic reaction in a neutral or an alkaline
medium is dominated by the reduction of oxygen (Wang et al.,
2019; Zhang and Cheng, 2009):

O2 þ2H2Oþ 4e�/4OH� R5

In order to further investigate an initial hypothesis that the REF
and SBAS medium showed different passivating natures, linear
sweep voltammetry was performed at the initial and final periods
of measurement (0 and 5 days). The resulting comparison between
the systems based on these polarisation curves is presented in
Fig. 3. The most important parameters measured from these curves
are summarised in Table 2.

Regarding the corrosion potential, Ecor, less negative values were
obtained for the system in SBAS than in the case of the REFmedium.
However, the difference in Ecor between the two freshly immersed
electrodes in the pore solution was relatively low, at approximately
47 mV. After 5 days, the scenario was somewhat altered, and the
Ecor values detected in the two mediumwere more distinct, at þ34
and �121 mV in the SBAS and REF medium, respectively. The dif-
ference in Ecor was 155 mV. This higher value could indicate that
when the immersion time increased for the sample immersed in



Fig. 3. Polarisation curves obtained in REF (i, iii) and SBAS (ii, iv) medium right after
immersion of working electrode (curves i and ii) and after 5 days of immersion (curves
iii and iv).

Table 2
Tafel data obtained from polarisation curves shown in Fig. 3.

Medium Ecor/mV vs. (Hg/HgO/KOH 1 M) jcor/mA cm�2 Rp/kU cm2 Epit/V vs. (Hg/HgO/KOH 1 M)

REF (fresh) �395 2.11 1.3 þ0.780
SBAS (fresh) �332 2.05 0.8 þ0.839
REF (after 5 days) �121 1.14 15 þ0.985
SBAS (after 5 days) þ34 0.37 26 þ1.130
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the SBAS solution, the corrosion process decreased. It was also
observed that the pitting potential (Epit) had the same behaviour as
Ecor. Thus, after five days of immersion in the SBAS solution, Epit
shifted by þ310 mV. On the other side, to the REF solution Epit was
only displaced byþ200mV. These results corroborate the results of
the OCP transient analysis previously shown in Fig. 2A. Moreover,
the obtained corrosion current densities (Jcor) and polarisation re-
sistances (Rp) reveal a lower corrosion rate and greater resistive
characteristic, respectively in the SBAS medium compared to those
in the REF medium, which reinforces the hypothesis of the pro-
moted formation of a passive film in the SBAS-containing medium.
Because Rp is commonly used as ameasure of a metal’s resistance to
corrosion damage, high values of Rp are associated with a high
corrosion prevention ability, whereas low values of Rp indicate high
corrosion activity (Lu and Ba, 2010).
3.2. Electrochemical impedance spectroscopy

Aiming at a better understanding of the growth and physical
differences between the passivating films formed, EIS experiments
were carried out at the OCP value during different monitoring days
(0, 1, 2, 3, 4, and 5 days). Fig. 4 shows representative EIS diagrams
for both simulated solutions at different monitoring days. The
Nyquist plots show an increase in the diameter of the capacitive
loop in both the SBAS and REF solutions with time. This is a typical
aspect observed when surfaces become more oxidised, confirming
that a passivation process is taking place. After 5 days of immersion,
the impedance magnitude (|Z|) for the electrode immersed in the
SBAS solution reached 867 U cm2 at 125 Hz. This value was more
than three times the value obtained at 0 days in the same solution
(270U cm2). This increase is attributed to the formation of a passive
4

film on the steel surface (Tang et al., 2013). On the other hand, |Z|
increased by less than two times for the electrode immersed in the
REF solution and reached just 469 U cm2 at 125 Hz. The values
found in the SBAS solution are an additional indication that the
SBAS medium might favour passive film formation in comparison
to the control medium, REF.

Different equivalent electric circuit models have been used to
interpret impedance spectra on passive and active metal surfaces
(Arzola and Genesc�a, 2005; Cao et al., 2017; Feng et al., 2017; Jiang
et al., 2017; Tang et al., 2013; Ye et al., 2013). Thus, because a passive
film formed on the steel reinforcement surface and electrochemical
reactions occurred at the metal/film interface, the equivalent cir-
cuit, as shown in Fig. 5, was the most appropriated to explain the
physical phenomena expressed by the experimental data (Liu et al.,
2017, 2019), as shown in the fitting curves of Fig. 4. The high-
frequency time constant is represented by the solution resistance
(Rsol), the passive layer resistance (Rfilm) with constant-phase ele-
ments (CPE) associated to passive film capacitance (Qfilm). The low
frequency time constant is represented by the charge transfer
resistance (Rct) and to double layer capacitance (Qdl). Note that in
the equivalent electrical circuit, CPE were used instead of pure ca-
pacitors in order to take into account the inhomogeneity present at
the reinforcement/simulated pore solution interface (Liu et al.,
2019; Omanovic and Roscoe, 2000). Furthermore, this analysis of
the proposed electrical circuit yielded fitted data with absolute
errors below 10% for all parameters.

From the data obtained from CPE, it is possible to estimate the
values of the apparent capacitance of passive films/corrosion
products (Cfilm) and the apparent capacitance of the double layer
(Cdl), as described at (Liu et al., 2017; Ma et al., 2000; Shi et al.,
2018). Fig. 6 shows a comparison of the electrochemical parame-
ters calculated for the SBAS and REF solutions. The trends observed
for parameters Rct and Cdl are indeed similar in the SBAS and REF
solutions, although the absolute values differ considerably. Clearly,
the film resistance (Rfilm) increased until the 3rd day in the SBAS
solution and until the 4th day in the REF solution. The charge
transfer resistance (Rct) increased in both solutions until the 4th
day. However, higher resistance values are observed for the data
obtained in the SBAS solution. According to the fitted results shown
in Fig. 6BD and , almost no variation was detected in the capaci-
tances. Nonetheless, it is worth remembering that this value de-
pends on the morphology of the film and its thickness (Fattah-
alhosseini and Vafaeian, 2015; Shi et al., 2018). These results are
in agreement with the literature (Feng et al., 2017; Ghods et al.,
2009; Jiang et al., 2017; Kim and Young, 2013) and consistent
with the potentiodynamic polarisation results. More importantly,
Rct increased with the immersion time for the sample immersed in
SBAS. In contrast, a lower variation for these values is found in the
data obtained in REF. The latter indicates that the passive film be-
comes more protective with an increase in either the time or
passivation potential (Kim and Young, 2013). This more complete
analysis further confirms that the film obtained in the SBAS solu-
tion had better passivating properties than that obtained in the REF



Fig. 4. (A) Nyquist plot obtained just after immersion (closed symbols) and after (opened symbols) 5 days of immersion in SBAS (red) and REF (black) solutions. (B) Bode diagram
obtained in SBAS (black curves) and REF solutions (red curves) at different immersion times: as-immersed (closed symbols) and after 5 days (opened symbols). Complete time-
dependent Nyquist plots of the EIS response recorded at Eoc in (C) SBAS and (D) REF solutions. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 5. Equivalent electrical circuits proposed to fit impedance spectra.
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solution, suggesting that SBAS acted analogously to a corrosion
inhibitor additive.

As the main result, the passive film formed in the SBAS solution
showed higher stability and less susceptibility to corrosion.
Consequently, it is expected the addition of SBAS to the concrete
composition prevent the pitting corrosion of the steel, which is the
most common corrosion process that takes place in such environ-
ments (Yonezawa et al., 1988).
3.3. Steel morphological characterisation

By means of scanning electron microscopy, the working elec-
trode surface was investigated to characterise the passive films
formed during 5 consecutive days of immersion in the REF and
SBAS medium. A representative set of micrographs are depicted in
Fig. 7.

Passivation products are already visible in Fig. 7A and E. Note
that the defects formed by the polishing process, as seen on the
fresh surface shown in the insets, become undetectable. Rod-
5

shaped precipitates are clearly observed in Fig. 7B and F, which
seem to grow at the edge when the amount of precipitate increases
with the immersion time, leading to a globular-like structure, from
the third day on (Fig. 7C and G). As seen in the micrographs, the
steel surface immersed in the SBAS medium shows a higher total
coverage than that in the REF medium. This behaviour is more
evident by the final monitoring period (Fig. 7D: SBAS; Fig. 7H: REF),
where a completely covered surface is found in Fig. 7D.

A possible explanation for the formation of the precipitate
comes from the local pH variation at the steel/solution interface
level. It is well-known that the formation of passive films (iron oxy-
hydroxides) promotes a local decrease in pH, causing a pH shift as
high as 3 units according to some authors (da Silva et al., 2016). In
solutions containing high amounts of calcium hydroxides, which is
indeed the case with the CPS solutions here investigated, an
important decrease in the CaCO3 solubility could reasonably
explain the precipitation of such compounds on the steel being
passivated.

To identify the chemical nature of such precipitates, chemical
mapping was performed using energy dispersive X-ray spectros-
copy. In addition, X-ray diffraction (XRD) analyses of the samples
immersed in SBAS and REF solutions were performed. The results of
both analyses are shown in Fig. 8.

Although only the mapping performed for the samples after 1
day of immersion in the SBAS mediumwas showed, it is enough to
reveal the presence of Ca and O, and more importantly, the absence
of iron in the aggregates (Fig. 8A), supporting the previous state-
ment that the majority of the precipitate is calcium carbonate



Fig. 6. Fitted electrochemical impedance data obtained for REF (black) and SBAS (red) solutions during passivation stages: (A) Rfilm, (B) Cfilm, (C) Rct, and (D) Cdl. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. SEM images of working electrode surfaces after different numbers of days of immersion (1 day: A-B and E-F, 3 days: C and G, and 5 days: D and H) in SBAS solution (AeD) and
in REF solution (EeH), inset: fresh and polished AISI 1018 steel surface.
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(CaCO3(s)). It is also possible to note that oxygen is distributed all
over the electrode surface, with some dark areas correlated with
the absence of iron.

The presence of oxygen on the entire surface is expected, once
iron oxy-hydroxide is formed as the main passivating agent in the
current investigation. In the obtained diffractograms, it was not
possible to detect peaks related to iron oxy-hydroxides phases.
There could be various reasons for this, including the following: i)
the film is amorphous or nanocrystalline, or ii) the film is too thin
and the XRD technique becomes pointless for this purpose. How-
ever, the results allowed us to detect CaCO3 patterns in both sam-
ples. In addition, these outcomes highlight that the ratio of the
peaks associated with calcium is higher for the sample immersed in
6

the SBAS solution than that in REF, whichmight be attributed to the
formation of a thicker film in this medium once the precipitation
depends on the local pH variation, with a greater passive film
growth associated with a greater pH variation. Consequently, there
will be a greater precipitation of CaCO3 on the surface of the metal.

For a better characterisation of the passive film formation, XPS
measurements were performed for the samples after 5 days of
immersion in REF and SABS medium solutions. The long scans are
shown in Fig. 9. Only iron, oxygen, carbon, silicon and calciumwere
detected for both samples, showing no contamination of the
formed films. Fig. 10 presents the XPS spectra for Fe 2p3/2 and O 1s
regions. In the Fe 2p3/2 spectra, three species were observed:
metallic Fe (706.9 ± 0.1eV), Fe2þ (709.7 ± 0.1eV) and Fe3þ



Fig. 8. (A) FE-SEM with elemental mapping (Ca, O, Fe) of steel surface after 5 days of
immersion in SBAS-containing solution. (B) XRD data after 5 days of immersion in
SBAS (black) and REF (red) solutions. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Long scan of XPS spectra for the passive films formed after immersion in REF
and SBAS solutions for 5 d.
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(711.2 ± 0.1eV), (Ghods et al., 2012; Shi et al., 2020; Wang et al.,
2020). The peak observed in 713.2 ± 0.2 eV corresponds to a Fe2þ

satellite (Wang et al., 2020). In O 1s spectra, two species were
identified: O2� (530.0 ± 0.1eV) and OH� (531.6 ± 0.2 eV), which are
related to the lattice oxygen and hydroxy groups in FeOOH and/or
Fe(OH)3 compounds, respectively (Shi et al., 2020; Wang et al.,
2020). The ratios of O2�/OH� and Fe2þ/Fe3þ species in the passive
film were calculated, based on the XPS spectra, and the results are
shown in Fig.11. The increasing of the O2�/OH� and Fe2þ/Fe3þ ratios
is usually attributed to an inhibition of iron oxidation, due the
possible formation of a spinel structure, such as Fe3O4 from Fe2þ

species (Asami et al., 1976; Shi et al., 2020), while hydroxide species
are observed in rebar corrosion (Wang et al., 2020). In the films
formed from REF and SBAS, similar ratios of Fe2þ/Fe3þ species were
observed. However, the highest relative content of O2�/OH� ratio
on the SBAS film corroborates the finding that the film obtained
from SBAS is more protective than the one formed in the REF
solution.
7

4. Conclusions

Herein, this paper presented the results of an investigation of
the impact of adding SBAS to mortar on the proneness of steel to
corrosion. Concrete pore solutions were used, and electrochemical
and morphological examinations were performed. In light of the
results shown, the following conclusions were drawn:

� According to the OCP and potentiodynamic profiles, a passive
film grew faster on a steel surface immersed in the SBAS-
containing solution than in the control sample, REF, indicating
that SBAS could function as a corrosion inhibitor.

� Although the films presented very similar morphologies, data
obtained from EIS reinforced that the passivating films obtained
in the SBAS medium had better passivating properties.

� The chemical mapping of the precipitates found at the steel
surface corroborated the idea of calcium hydroxides being
formed.

Overall, this study showed that replacing natural fine sand with
SBAS in a concrete formulation has potential benefits in relation to
its passivating properties, i.e. SBAS-containing concrete seems to be
a less aggressive medium for steel. The lower susceptibility to steel
corrosion in the SBAS medium is here attributed to the faster
passivating characteristic of the SBAS medium, based on the
monitoring of different electrochemical parameters and additional
morphological characterisation.
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